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BILAYBR STABtUZING COMPONENTS AND THBtX VSB IN FORMING 
PROGRAMMABLE FUSOGBNIC UPOSol^ fOKMING 

BACKGROUND OF THE INVENTION 
It is wen lecotniied in the medical field that the most effective procedure 
for treating localized disease is to direct the phaimaceutical or drug agent (hereinafter 
■drugs') to the afrected area, thereby avoidiog uodesiiable toxic eftecu of systemic 
treatment. Techniques cuirendy being used to deliver drugs to specific target sites within 
the body involve the utilization of lime-release capsules or gel matrices fiom which divgs 
slowly -leak/ or the use of implantable -syringes' that mechanically release drugs into 
musdes or into the blood stream. Another, and perhaps more effective deUvery system, 

encompasses the use ofUposomes containing the appropriate drug or chemical. The 
Uposome with encapsulated drug is directed to the specific area of interest and. 
thereafter, the drug is released. TTie carrying out of this latter step is the most 
problemaUc and. in Cut, the greatest barrier to the use of Uposomes as drug carrien is 

making the liposomes release the drugs on demand at the target site of interest 

Uposomes are vesicles comprised of one or more concentrically ordered 
lipid bilayen which encapsulate an aqueous phase. Tbey are normaUy not leaky, but can 
become leaky if a bole or pore occurs in the membrane, if the mcmbrBne is dissdved or 
degrades, or if the membrane temperature is increased to the phase transition 
temperature, T.. Current methods of drug deUvery via liposomes require that the 
liposome carrier wiU uldmaiely become permeable and release the encapsulated drug at 
the target site. Hiis can be accompUshed. for example, bi a passive mamier wherein the 
liposome bilayer d^rades over time through the action of various agents in the body. 
Every Uposome composition wUl have a characteristic half-life in the circulation or at 
other sites in the body and. thus, by controlling the half-life of the Uposome composition, 
the rate at which the bilayer degrades can be somewhat regulated. 

In contrast to passive drug release, active drug release involves using an 
agent to induce a permeability change in the liposome vesicle. Uposome membranes can 
be constructed so diat they become destabilized when the environment becomes acidic 
near the liposome membrane {tee, e.g., Pme. Natl. Aead. Scl. VSA 84:785 1 (1987); 

SUBSTITUTE SHEET 
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Biochemistry 28:908 (1989)). When liposomes are endocytosed by a target cell, for 
example, they can be routed to addic endosomes which will destabilize the liposome and 
result in drug release. Alteroativdy, the liposome membrane can be chemically modified 
such that an enzyme is placed as a coating on the membrane which slowly destabilizes 
the liposome. Since control of drug release depends on the concentration of enzyme 
initially placed in the membrane, there is no real effective way to modulate or alter drug 
release to achieve *on ttemand* dnig delivery. The same problem exisu for pH*sensitive 
liposomes in that as soon as the liposome vesicle comes into contact with a target cell, it 
will be engulfed and a drop in pH will lead to drug release. 

In addition to the foregoing methods, a liposome having a predetermined 
phase transition temperature, T^, above t>ody temperature can be used to achieve acdve 
drug delivery. In this nrnthod, the body temperature will maintain the liposome below 
the Te so that the liposome will not become leaky when placed in the body. This method 
of drug release is cs^le of "on demand* drug ddiveiy since such liposonnes C9q)erience 
a greatly increased membrane permeability at their T. which, in turn, enables drug or 
chemical release. To release drugs from such phase tianution lqx»omes when in the 
body, heat must be applied until the T^ is achieved. Unfortunately, the a^iplication of 
heat can, in itself, create problems within the body and. frequently, the adverse effects of 
the heat treatment outweigh the beneficial effects of using the liposome as a drug 
delivery vehicle. Moreover, such liposomes must be made of highly purified and 
expensive phase transition temperature phospht^pid materials. 

In view of the foregoing, there exists a need in the art for a method for 
targeted drug delivery that overcomes the disadvantages of the currently available 
methods. Specifically, a parenteral delivery system is required that would be stable in 
the circulation, following intravenous administration, allowing retention of encapsulated 
or ? y!C9 ciiVtf^ drug or therapeutic agent(s). This delivery system would be capable of 
accumulating at a target organ, tissue or cell via either active targeting {e.g, , by 
incorporating an antibody or hormone on the surfaice of the liposomal vehicle) or via 
passive targeting, as seen for long-circulating liposomes. Following accimiulation at the 
target site, the liposomal carrier would become fiisogenic, without the need for any 
extenial stimulus, and would subsequently release any encapsulated or associated drug or 

therapeutic agent in the vicinity of the target cell, or fuse with the target eell plasma 
membrane introducing the drug or therapeutic agent into the cell cytoplasm. In certain 
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instances, fusion of the liposomal carrier with the plasma membrane would be preferred 
because this would provide more specific drug delivery and, hence, minimize any 
adverse effects on normal, healthy cells or tissues. In addition, in the case of therapeutic 
agents such as DNA, RNA, proteins, peptides, etc., which are generally not permeable 
to the cell membrane, such a fiisogenic carrier would provide a mechanism whereby the 
therapeutic agent could be ddivefed to its required inttacellular site of action. Funfaer, 
by avmding the endocytic pathway, the thenpeutic agent would not be exposed to acidic 
conditions and/or dcgradative enzfrnes that could inactivate said theiqieutic agent. Quite 
surprisingly, the present invention addresses this need by providing such a method. 



SUMMARY OF THE INVENTION 
The present invention provides a fusogenic liposome oomprinng a lipid 
capable of adopting a non-lamellar phase, yet capable of assuming a bilayer structure in 
the presence of a bilayer stabilizing component; and a bilayer stabilizing component 

15 xeversibly associated with the lipid to stabilize the lifrid in a bilayer stnicture. Such 

fusogenic liposomes are extremely advantageous because the rate at which th^ become 
fusogenic can be not only predetermined, but varied as required over a time scale 
ranging from minutes to days. Control of liposome fusion can be achieved by 
modulating the chemical stability and/or exchangeiability of the bilayer stabilizing 

20 oomp(ment(s). 

Lipids which can be used to form the fusogenic liposomes of the present 
invention are those which adopt a non-lamellar phase under physiological conditions or 
under specific physiological conditions, e,g. , in the presence of calcium ions, but which 
are capable of assuming a bOayer structure in the presence of a bilayer stabilizing 

25 component. Lqiids wluch adopt a non-lamellar phase include, but are not lindted to, 

phasphatidylcnthanolamines, ceranudes, glyooli]nds, or mixtures thereof. Such li[nds can 
be stabilized in a bilayer structure by bilayer stabilizing components which aze either 
bilayer forming themselves, or which are of a complementary dynamic molecular shape. 
More particularly, the bilayer stabilizing components of the present invention must be. 

30 capable of stabilizing the lipid in a bilayer structure, yet they must be o^uble of 

exchanging out of the liposome, or of being chemically modified by endogenous systems 
so that, with time, they lose their ability to stabilize the lipid in a bilayer structure, 
thereby allowing the liposome to become fusogenic. Only when liposomal stability is 
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lost or (bxreased can fusion of the liposome with the plasma membnuie of the taiget cdl 



occur. 



By controlling the composition and concentration of the bilayer stabilizing 
oon^onent. one can control the chemical stability of the bilayer stabikdng oon^onent 
and/or the rate at which the bilayer stabilizing component exchanges out of the Uposome 
and, in turn, the rate at which the liposome becomes fiisogeaic. In addition, other 
variables including, for example. Ph. tempentiue, ionic streogth, etc. can be used to 
vary and/or control the rate at which the liposome becomes Aiaogenic. 

The fiisogenic Uposomes of the present invention are ideally suited to a 
number of therapeutic, research and commercial aj^lications. In thenqieutic 
appUcations, for example, the initial stability of the fiisogenic liposome would allow time 
for the liposome to achieve access to target organs or ceUs before attaining its fiisogente 
state, theid>y reducing non-specific fusion immediately following administratian. 

In addition, the fiisogenic liposomes <rf the present invention can be used 
to ddiver drugs, peptide, proteins. UNA. DNA or odier bioaetive molecules to the target 
cells of interest In this embodiment, the compound or molecule to be ddiveied to flie 
target cdl can be encapsulated in the aqueous interior of the Aisogenic liposome and 
subsequenUy introduced into the cytoplasma fmitially) upon fusion of the liposome with 
the ceU plasma membrane. Alternatively, molecules or compounds can be embedded 
within the Uposome bilayer and. in this case, they would be incorporated into the target 
cell i^asma membrane upon fusion. 

As such, in another embodiment, the present invention provides a method 

for ddivaing a thei^c compound to a taijet cdl at a predetennined late. the method 
comprising: administering to a host containing the taiget cell a fiisogenic liposome 
which comprises a bilayer stabilizing component, a Upid capable of adopdng a non- 
lamellar phase, yet capable of assuming a bilayer stiucniie in the presence of the biUyer 
stabilizing component, and a therapeutic compound or a phaimaceutically aoc^table salt 
thereof. Administration may be by a variety of routes, but the therapeutic compounds 
are preferably given intravenously or parenterally. TTic fiisogenic liposomes administeiwl 
to the host may be unilamellar, having a mean diameter of 0.05 to 0.45 microns, more 
piefiBiably from 0.05 to 0.2 microns. 

In a fuial embodiment, the present provides a nKthod of stabiliziiig in a 
Wlayer strucbue a lipid which is c^le of adopting a non-lameUar phase by combining 
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the lipid(s) with a bitoyer stabilizuis component. Once stabilized, the lipid nixtuie can 
be used to form the fusogenic tiposomes of the present invention. The bilayer stabilizing 
component is selected, however, to be exchangeable such that upon loss of this 
component from the liposome, the Uposome is destabilized and becomes fusogenic. 

Other feamies. objects and advantages of the invention and its piefernd 
embodiments will become qipaient from the detailed description which foUows. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 iUustrates the coneentmion dependence of Wlayer atabilization by 

a bUaycr stabUizing component (BSC). Multilamellar vesicles were pitpared, as 
described in the examples, from mixtures of DOPEicholesteroliDOPE-PEGMoj, 1:I:N 
where N is the proportioa of DOPE-PEGjooo as indicated in the Figure 1. "P-NMR 
spectra were determined at TO'C after the sample had been aUowed to equiUbiate for 30 
minutes. 

Figure 2 illustrates the temperature dependence of bilayer stabilization by 
BSC. Multilameilarvestcta were piqsuBd. as describe 
of DOPE:cholesterol:DOPE.PEG«« at a ratio of: A, 1:1:0.1; or B, 1:1:0.25. THe 
samples were cooled tt> O'C and "P-NMR specba wer« determined from O'C to 60«C at 
lO'C intervals. The samples were allowed to equilibrate at each temperature for 30 intn. 
prior to data accumulation. 

Figure 3 illustrates the effect of headgroup size on the bilayer sabiliring 
ability of BSC. Multilamellar vesicles were prepared from either A, DOPE:cholesterol: 
DOPE-PEGmoo, 1:1:0.05, or B, DOPE:cho]esterol:DOPE-PEG]oao, 1:1:0.05. Other 
conditions were the same as for Figure 2. 

Figure 4 iUustrates the eflixt of the acyl chain composition on the bilayer 
stabilizing abiUty of BSC. Multilamellar vesicles were ptepated, as described in the 
examples, from either A, DOrc:cholesterol:DMPB-PEG»a, 1:1:0.1, B, 
DOPE:cholestcrol:DPPE-PEG«o. 1:1:0.1, or C, DOPRchoIesterol:DSPB.l»B(J«„ 
l'.l:0.l. Other conditions were the same as for Figure 2. 

Figure 5 illustrates the ability of PEG-Ceramide to act as a bilayer 
stabilizing component Multilamellar vesicles were prcpaiwJ, as described in the 
ewmples. from DOPE:chalesterol:egg ceramide-PEGMa at a ratio of A. 1:1:0. i or B. 
1:1:0.23. Other conditions were the same as for Figure 2. 
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Fieure 6 illustrates the freeze-fracture electron microsnqph of MLVs 
prepared from DOPEicholesteroLDOPE-PEGsao (1:1:0.1). The samples were piqared 
as described in the examples. The l>ar represents 500 nm. 

Ficure 7 illustrates the freeze-firacture electron micrograph of LUVs 
prepared from DOPEicholesteroUDOPE-PEG^soo (1:1:0.1). The samples were prqiared 
as described in the eiumples. Tlie bar represents SOOnm. 

Ficure 8 illustrates the elution piofiies of LUVs prepared from 
DOPExholesterolrDSFE-FEGnoo. and micelles composed of DSPE-PEGjooo. LUVs were 
prepared, as described in the exanqiles, from DOP!E:chQlesterQl:DSPE-FEGiiaao (1:1:0.1) 
with trace amounU of "C-DPPC (a) and H-DSPE-PEGjooo.!*) They were 
chromatograpbed as described in the examples. In a sqiarate experiment, micelles were 
prepared from DSPE-PEG^ooo labelled with ^-DSPE-PEGmoo (o) and chromato^hed 
on the same Sepharose 4B column. 

Figure 9 illustrates the inhibition of fusion by PEG-PE. Liposomes were 
prepared from equlroblar mixtures of DOPE and POPS containing (a) 0; (b) 0.5; (c) 1 or 
(d) 2 mol % DMPE-PEGjQOQ. In addition to the above liinds, labeUed Iqmomes also 
contained the fluorescent lipids NBD-PE and Rh-PE at 0.5 ro(fl%. Fluorescently labelled 
liposomes (final conoentratioo GO $M) were incubated at 37*C for 3Qs before the 
addition of a three-fold excess of unlabelled liposomes, followed one minute later by 
CaCli (final concentration 5 mM). 

Figure 10 illustrates the recovery of fusogenic activity after PEG-PE 
removal. Fusion betvireen fluorescently labelled and unlabelled liposomes containing 2 
m>l% DMPE-PEGsooo was assayed as described under Figure 9, excq>t that one minute 
after addition of CaCl,, a 12*fold excess (over labelled vesicles) of FOPC liposomes 
(curve a) or an equivalent volume of bulfier (curve b) was added. 

Figure 11 illustrates the concentration dependence of recovery of 
fusogenic activity. Fusion between fluorescently labeUed and unlabelled liposomes 
containing (a) 2; (b) 3; (c) 5 or (d) 10 mol% DMPErPEGsooo was assayed as described 
under Figure 10, except that POPC liposomes were added as a 36-fQld excess over 
labelled vesides. 

Figure 12 illustrates programmable fusion. Fusion between fluorescently 
labelled and iTn^h^"*^ liposomes containing 2 mol% of the indicated PE-PEGjon 
assayed as described under Figure 10. The % fusion was calculated as described in the 



WOW10392 PCT/CA95A)aS57 

7 

examples. (A) DMPP-PEGwp (•); DPPE-PEGk»(4); DSPE-PEGmod(a); and 
(B) DOPE-PEG^ (A), egg odamide-PEGaoo (t). 

Figure 13 illustrates the effect of PEG molecular weight on fusion. 
(A) Assays were canied out as described in Figure 9 using liposomes which contained 
5 (a) 0; (b) 0.25; (c) 0.5 or (d) 1 mol% DMPE-PEG5000; and (B) Assays were perfonned 
as described under Figure 12 using liposomes which contained 1 a\6i% DMPE-PEGjon 
(•); DPPE-PEG5000 ( ♦ ) or DSPE-PEGjon (a). 

Figure 14 illustrates the comparison of PEGjojo to PEG^o at equal 
concentration of oxyethylene groups. Liposomes contained either 2 moI% PEGjqqo 
10 (upper curve) or 5 rool96 PEG^ooo (lower curve). Other conditions were as described 
under Figure 11. 

Figure 15 illustrates the effect of salt concentration on fusion of 
DOPErDODAC Liposomes. liposomes were prqjared from DOI%:DGDAC (85:15). 
Donor liposomes also contained the fluorescent lipids, NBD-PE and Rh-PE at 0.5mol%. 
15 Donor liposomes (final concentration 60/iM) were incubated at 37*C for 30s before the 
addition of a three-fold excess of unlabelled acceptor liposomes followed 1 min later by 
NaCl to give the indicated final concentration. 

Figure 16 illustrates the inhibition of fusion of DOPE:DODAC liposomes 
byPEG-PE. Liposomes were prepared from either DOPErDODAC (85:15) or 
20 DOPE:DODAC:DMFE-PEGaooo (83:15:2). Fusion was assayed as described under 
Figure 1 using 300 mM NaCl. 

Figure 17 illustrates the recovery fusogenic activity after PEG removal. 
Liposomes were prqnred from either DOPE:DODAC:ceiamide(C8:0)-PECjMoo* 83:15:2 
or DOPE:cholcsterol:ceramide(C8:0)-PE(3iooo. 38:45:15:2. Fusion was assayed as 
25 described under Figure 2 except that at the indicated times a 30 fold excess (over donors) 
of liposomes composed of POPC or POPC:cholestcrol (55:45) was added. 

Figure 18 illustrates the effect of the lipid anchor on the rate of PEG*lipid 
removal. Fluoresoently labelled and unlabelled Uposomes were pi^nred from 
DOPE:DODAC:FEG-lipid, 83:15:2, usuig DMPE-PEGjooo (•), oeramide(^)-PEG2an 
30 Iff (C14:0)ceramide-PECimo(^)* Labelled liposomes were mixed with a 3 fold excess 
of unlabelled liposomes and 300 mM NaCl in a cuvette in a dark water bath at 37*C. At 
zero time a 13*fold excess (over labeUed vesicles) of POPC liposomes was added and 
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the fluoresccnoe intensity was measured at the indicated times. At the end of the assay 
Triton X-100 (0.5% final) was added to eliminate energy transfer and the % fusion was 
calculated irom the change in efficiency of energy transfer. Maximum fusion was 
f ^i^iifltiirf from a standard curve of energy transfer efficiency against the molar fraction 
of Rh-P£ in the membrane assuming complete mixing of labelled and unlabelled 
liposomes. 

Figure 19 illustrates the inhibition of fusion between 
DOP£:cholesten)l:DODAC liposomes and anionic liposomes by FEG-ocxamide. 
Liposomes were prepared from DOPE:cholester(d:DODAC» 40:4S:1S (no PEG) or 
DOP£:cholesterol:DODAC:(C14:0)ceramide-PEC33ooo, 36:45:15:4 (4% PEG). Aoo^tor 
liposomes were prepared from DOPE:cholesterol:POPS, 25:45:30. A three-fold excess 
of accepton was added to labelled vesicles after 3Qs and the fluorescence monitored at 
517 nm with excitation at 465 nm. 

Figure 20 illustrates the recovery of fusogenic activity upon PEG removal. 
Donor liposomes (50 iiM) were prepared from DOP£:cholesterol:DODAC: 
(C14:0)ceramide-P£G2(Bo, 36:45:15:4 and mixed witii 2cceptot liposomes (150/iM) 
prepared from DOFE:cholesterol:POPSt 25:45:30. At zero time either ImM 
POPC:cholesten>l liposomes (a) or an equivalent vdume of buffer (•) was added. 
Fluorescence was monitored at 517 nm with exdtation at 46Snm. 

Figure 21 illustrates the inhibition of fusion between 
DOPErcholesterohDODAC liposomes and erythrocyte ghosts by» PEG-ceiamide. 
Liposomes were prepared from DOP£:cholesten)l:DODAC, 40:45:15 (no PEG) or 
DOPE:cholestcrol:DODAC:(C14:0)ceraniide-PEGjooo. 36:45:15:4 (4% PEG). Ghosts 
(50 phospholipid) were added to donors (50 /iM total lipid) after 30s and the 
fluorescence monitored at 517 nm with excitation at 465 nm. 

Figure 22 illustrates the fusion of fluorescent liposomes composed of 
DOP£:cholesterol:DODAC (40:45:15) or DOFE:cholesterol:DODAC:PEO-ceramide 
(35:45:15:5). LUVs composed of DOP£:cholesterol:DODAC (40:45:15) fiised widi 
RBCs Opands a and b); incorporation of PEG-ceramide (C8:0) into the LUVs at 5 mol% 
blocked fusion (panels c and d); however, when an exogenous sink for the PEG-ceramide 
was included, fusogemc activity was recovered within minutes (panels e and f). Panels 
a, c and e are views under phase contrast, and panels b,d and f are the same fields view 
under fluorescent light. 
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Figure 23 illustrates the lesulu v^en PEG-ccmmi<les with longer fotty 
amide chains (C14:0) are used and the liposomes are pre-incubadon with an exogenous 
sink prior to the addition of the RBCs. No fusion was observed after pre-incubation of 
the fusogenic LUVs with die nnk for five minutes prior to addidon of RBC (panels a and 
5 b); after a 1 hour pre-incubation, some fusion with RBCs was observed (panels c and d); 
however, with longer incubations times (2 hours)» the pattern of fluorescent labeling 
changed and extensive punctate fluorescence was obsoved (panels e and 0* Panels a, c 
and e are views under phase contrast, and panels b.d and f are the same fields view 
under fluorescent light. 

10 Figure 24 illustrates die results when PEG-ceramides with longer fmy 

amide chains (C20:0) arc used and the liposomes are preincubation with an exogenous 
sink prior to the addidon of the RBCs. No fusion was observed after pre-incubadon of 
die LUVs widi die sink for five minutes (panels a and b), 1 hour (pands c and d) or 2 
hours (panels e and f). Panels a, c and e are views under phase contrast, and panels b,d 

15 and f are the same fields view under fluorescent light. 

Figure 25 gn^)hically illustrates the fusion of PEGmoo-DMPE and FEG^a^ 
Ceramide (C14:0) containing vesicles with an anionic target. 

Figure 26 graphically shows the effect of increasing ooncentradons of 
PEG-Ceramide (C20) on liposome clearance from the blood. H-labeled liposomes 

20 composed of DOPE (dioleoylpho^hatidyleduuiolanune), IS mol% DODAC (N»N- 
dioleoyl-N,N-dimediylammonium chloride) and the indicated ooncentradons of PEG- 
Ceramide (C20) were injected i.v, into mice. Biodistribution was examined at 1 hour 
after injection, and the data were expressed as a percentage of the injected dose in the 
bkxxl (upper panel) and liver Oower panel) widi SD (standard deviation) (n«3). 

25 Figure 27 graphically illustrates the effect of increasing concentrations of 

DODAC on the biodistribution of liposomes in the blood. 'H-labeled liposomes 
composed of DOPE, 10 (open squares) or 30 (open triangles) mol% PEG-Ceramide 
(C2"*^. and the indicated concentration of DODAC were injected i.v. into nuce. 
Biou.itiibution was examined at 1 hour after injection, and the data were expressed as a 

30 percentage of the injected dose in die blood* 

Figure 28 graphically shows die liposome levels in die blood and liver ai 
different times after injection. 'H-labded liposomes composed of DOPE/DODAC (RS:15 
mol/mol) (open circles widi 0% PEG-Ceramide (C20)), DOPE/DODAC/PEG-Ceramide 
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(C20) (75:15:10 mol/mol/mol) (open squares with 10% PEG-Ccnunide (C20))» and 
DOP£/DODAC/F£G-Ceramide (C20) (55:15:30 mol/fnol/mol) (open triangles with 30% 
FEG-Cerainide (C20)) were injected i.v. into mice. Biodistiibution was g«aminfd at 
indicated times, and the data were expressed as a percentage of the injected dose in the 
5 blood (iqyper panel) and in the liver (lower panel) widi SD (n»3). 



DETAILED D ESCRIP TION OF THE INVENTION 
AND PREFERRED ENfBODIMENTS 

10 In one embodiment of the present invention, a fusogenic liposome is 

provided, the lusQgenic liposome comprising: a lijnd capable of adopting a non-lamellar 
phase, yet capable of assuming a bilayer structure in the presence of a bilayer «>a K^Tf Tii iE 
component; and a bilayer stabilizing component reversibly ^Ti^iatfd with the Iqnd to 
stabilize the Upid in a bilayer structure. Such fusogenic liposomes are advantageous 

15 because the rate at which they become fusogenic can be not only predetennined, but 
varied as required over a time scale of a few minutes to several tens of hours. It has 
been found, for example, that by controlling the composition and concentration of the 
bilayer stabilizing component, one can control the rate at v^iich the bilayer stabilizing 
component exchanges out of the liposome and, in tuni, the rate at wluch the liposome 

20 becomes fusogenic. 

The polynx)iphtc behavior of lipids in oiganized assemblies can be 
explained qualitatively in terms of the dynamic molecular sh^ concept (see, Cullis, et 
al., in 'Membrane Fusion" (Wilschut, J. and D. Hoekstra (eds,). Marcel Dekker, Ik., 
New York, (1991)). When the effective cross-sectional areas of the polar head group 

25 and the hydrophc^ic region buried within the membrane are similar then the lipids have a 
cylindrical shape and tend to adopt a bilayer conformation. Cone-shaped lipids which 
have polar head groups that are small relative to the hydrophobic component, such as 
unsaturated phosphatidylethanolamines, prefer non-bihyer phases such as inveited 
micdles or inverse hexagonal phase (Hn). Lijnds with head groups that are laige relative 

30 to their hydrophobic domain, such as lysophospholipids, have an inverted cone shs^ and 
tend to form micelles in aqueous solution. The phase prefierence of a mixed Iqnd system 
depends, therefore, on the contributions of all the components to the net dynamic 
molecular shape. As such, a combination of cone-shaped and inverted cone-shaped lipids 
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can adopt a bilayer oonfonnatum under conditions where either Upid in isoUtion cannot 
isee. Madden and CdUs, Biochm. Bio^s. Aaa, 684:149-153 (1982)}. 

A more foimalized modd is based on the intrinsic curvature hypothesis 
(see. e.g.. Kirk. « c/.. Biochemistry, 23:1093-1102 (1984)). This model explains 
phosphoUpid polymoiphism in terms of two opposing forces. The natural tendency of a 
Upid mont^yer to curl and adc^t its intrinsic or equilibrium radius of curvature <RJ 
which results in an elasticaUy relaxed monolayer is opposed by the hydrocarbon packing 
constraints that result Factors that decrease the intrinsic radius of curvatuie. such as 
increased volume occupied by the hydrocarbon chains when double bonds ar^ introduced, 
tend to promote H„ phase formation. Conversely, an increase in the liae ofihe 
headgn)up increases R, and pn»motesblbyer formation or stabiBza^ ^^^^^^^^^^^ 
apolar Upids that can fill the voids between inverted Upid cyUndets also piomotes H„ 
phase formation (see. Gniner, etaL.Pmc. Nad. Acad. Sci. USA, 82:3665-3669 (1M9); 
Sjoland, era/., Biochemistry, 28:1323-1329 (1989)). 

Lipids which can be used to form die fiisogenic Uposomes of the present 
invention are those which adopt a non-lameUar phase under physiological conditions or 
under specific physiological conditions, e.g., in the presence of calcium ions, but which 
are capable of assuming a bilayer strvctote in the presence of a bUayer stabUizing 
component. Such Uplds include, but are not limited to, phosphatidyknthanolamines. 
cexamides,glycolipids, or mixtures thereof. Other lipids known to those of skill in the 
art to adopt a non-lameUar phase under physiolagical conditions can also be used. 
Moreover, it will be readily apparent to those of skillin the art that other Upids can be 
induced to adopt a non-lameUar phase by various non-physiological changes including, 
for example, changes in pH or ion concentration {e.g., in the presence of calcium iooi) 
and. thus, they can also be used to form die fiisogenic Uposomes of the present 
invention. In a presendy preferred embodimmt, the iusogenic Uposome is prepared from 
aphosphatidyletfaanolamine. The phosphatidylethanolamine can be saturated or 
"Maturated. In a presentty preferred embodiment, U>e phosphatldylyeUuuiolamine is 
unsaturated. In an equally preferred embodiment, the fusogenic Uposome is prepared 
fiom a mixture of a phosphatidylethanoUunine (saturated or unsaturated) and a 
phosphatidyiserine. In another equally preferred embodiment, the fusogenic Uposome b 
prepared from a mixture of a phosphatidylethanolamine (sahnated or tmsatunted) and a 
cationic Upid. 
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Examples of suitable cadonic lipids include, but are not limited to, the 
following: DC-Chol, 3/}KN-(N\N'Htimethylaminoethaiie)caifoamoyl)c^^ 
Oao, €t al., Biodtm. Biophys. Res, Comm 179:280-283 (1991); DDAB, N.NsUsteaiyl- 
N,N-dimethylammonium bromide; DMRIE, N*(l,2Hiimyn$tyloxypnip-3-yl)-H,N* 
5 dimcthyl-N-hydroxycthyl ammonium bromide; DODAC, N,N-diolcyl-N,N- 

dimethylaromonium chloride (see, commonly owned United States Patent Application 
Serial Number 08/316,399, filed September 30, 1994, which is incoiporated herein by 
reference); DOGS, dihq)tadecylamidoglycyl spennidbie; DOSPA, N-(l-(2»3- 
dioteyloxy)propyl)*N-(2-(q)ermiiu»iboxamido)ethyl)-N,N-^roetfiyk^ 
10 trifluoroacetate; DOTAP, N-(l-(2,3-dioleoyloxy)prqpyl)-N,N,N-trimelhylammomiim 
chloride; and DOTMA, N-(l-(2,3Hlioleyloxy)propyl)-N,N,N-trimefli^amnionium 
chloride. In a presendy preferred embodiment, N,AMioleoyl'JV,A^dimethylammonium 
chloride is used in combination with a phosphatidylethanolamine. 

In accordance with the present invention, lipids adopting a non-kumllar 
15 phase under physiological conditions can be stabilizffd in a bilayer stnictore by bilayer 
stabilimig components which are either bilayer forming themselves, or which are of a 
complementary dynamic shape. The oon-bilayer fonning lipid is stabilired in the bilayer 
structure only when it is associatpd with, i.e.» in the presence of, the bilayer stabilizing 
component. In sdecting an appropriate bilayer stabilizing component, it is imperativt 
20 that the bilayer stabilizing component be capable of transferring out of the liposome, or 
of being chemically modified by endogenous systems such that, with time, it loses its 
ability to stabilize the lipid in a bilayer structure. Only when liposomal stability is lost 
or decreased can fusion of the liposome with the plasma membrane of the target cell 
occur. The bilayer stabilizing component is, therefore, "reversibly associated' with the 
25 lipid and only when it is associated with the liind is the lipid constrained to adopt the 
bilayer structure under conditions where it would otherwise adopt a non-iameilar phase. 
As such, the bilayer stabilizing components of tiie present invention must be capable of 
stabilizing the lipid in a bilayer structure, yet they must be capable of exchanging out of 
the liposome, or of being chemically modified by endogenous systems so that, with time, 
30 they lose their ability to stabilize the lipid in a bilayo- structure, thereby allowing the 
liposome to become fusogenic. 

Examples of suitable bilayer stabilizing components include, but are not 
limited to, lipid, lipid-derivatives, detergents, proteins and peptides. In a presently 



10 
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pteferred embodiment, the bilayer stabilizing component is polyethylcneglycol conjugated 
to, Le., coupled to, a phosphatidylethanolamine. In an equally piefened embodiment, 
the bilayer stabilizing component is polyethyleneglycol conjugated to a ccramide^ 
Polyethylcneglycol can be conjugated to a phosphatidylethanolamine or, altcniativdy, to 
a ceramide using standard coupling reactions Icnown to and used by those of sldll in the 
an. In addition, prefonned polyethyleneglycol-phosphaiidylcthanolaminc conjugates are 
commercially available firom Avanti PcHar Lipids (Alabaster, Alabama). 

Polydhylcneglycols of varying molecular wqghts can be used to form the 
bilayer stabilizing components of the present invention. Polyeth^cneglyools of varying 
molecular weights are commercially available from a number of different sources or, 
alternatively, they can be synthesized using standard polymerization techniques well- 
known to those of skill in the art. In a piesenUy piefentd embodiment, the polyethylene 
glycol has a molecular weight ranging from about 200 to about 10,000, moit preferably 
from about 1,000 to about 8,000, and even more preferably from about 2,000 to about 
15 6,000. Generally, it has been found that increasing the molecular weight of the 
polyethyleneglycol reduces the concentration of the bilayer stabilizing component 
required to adiieve stabilization. 

Phosphatidyletfaancdamines having a variety of acyl diain groups of 
varying chain lengths and degrees of saturation can be conjugated to pdyethyleneglvco] 
20 to form the bilayer stabilizing component. Such phosphatidylethanolamines axe 

commercially available, or can be isolated or synthesized using conventional techniques 
known to those of skill in the art. Phosphatidylcthanolamines containing saturated or 
unsaturated fatty adds with carbon chain lengths in the range of to Cjo are preferred. 
Pho^hatidylethanolamines with mono* or diunsatutated fatty adds and mixtures of 
25 saturated and unsaturated fatty acids can also be used. Suitable 

phosphatidylethanolamines include, but are not limited to, the following: 
dimyrisloylphosphatidylethanolamine (DMPE), dipalmitoylphosphatidylethanolamine 
(DPPE), dioleoylphosphatidylethandamine (DOPE) and dlstearoylphoqyhatidyl- 
ethanolamine (DSPE). 

30 As with the pho^hatidylethanolamines, ceiamides having a variety of acyl 

chain groups of varying chain lengths and degrees of sanuation can be coupled to 
polyethyleneglycol to form the bilayer stabilizing component It will be ^>parent to those 
of skill in the art that in contrast to the phosphatidylethanolamines, ceramides have only 
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one acyl group which can be readily varied in terms of its chain length and d^ree of 
saturation. Ceramides suitable for use in accordance with the present invention are 
commerdally available. In addition, ceramides can be isolated, for example, from egg 
or brain using well-known isolation techniques m, alternatively, they can be synthesized 

5 using the methods and techniques disclosed in U.S. Patent Application Serial Number 

08/316,429, filed Sqitember 30, 1994, and U.S. Patent Application filed on an even date 
herewith and bearing Attorney Docket No. 16303-001010, the teachings of which are 
incorporated herein by reference. Using the synthetic routes set forth in the foregoing 
api^cation, ceramides having saturated or unsaturated fatty acids with carbon chain 

10 lengths in the range of C} to C,| can be prqiared. 

In addition to the foregoing, deteigents, proteins and pqMides can be used 
as bilayer stabilizing oomponentt. Detergents which can be used as bilayer stabilizing 
components include, but are not limited to, Trium X-100, deoxycholate, octylglucoside 
and lysophosphatidylcholine. Proteins which can be used as bilayer ttahj^jT^ng 

IS components include, but are not limited to, glycophorin and cytochrome oxidase. 

Qeavage of the protein, by endogenous proteases, resulting in the loss of the bulky 
domain external to the bilayer would be expected to reduce the bilayer stabilizing ability 
of the protein. In addition, peptides which can be used as bilayer stabilizing components 
include, for example, the pentadecq)eptide, alanine-(aniin6butyric acid-alanine),4. This 

20 peptide can be coupled, for example, to polyethyleneglycol whi^ would promote its 

transfer out of the bilayer. Alternatively, peptides such as cardiotoxin and tnelittio, both 
of which are known to induce non-lamellar phases in bilayers, can be coupled to PEG 
and might thereby be converted to bilayer stabilizers in much the same way that PE is 
converted from a non-lamellar phase preferring lipid to a bilayer stabilizer when it is 

25 coupled to PEG. If the bond between the pqytide and the PEG is labile, then cleavage of 
the bond wotild result in die loss of the bilayer stabilizing ability and in the restoration of 
a non-lamellar phase, diereby causing die liposome to become fusogeiuc. 

Typically, the bilayer stabilizing component is present at a concentration 
rang'mg from about O.OS mole percent to about SO mole percent. In a presently prefened 

30 embodiment* the bilayer stabilizing component is present at a concentration ranging from 
O.OS mole percent to about 2S mole percent. In an even more preferred embodiment, the 
bilayer stabilizing component is present at a concentration ranging from 0.05 mole 
percent to about IS mole percent. One of ordinary skill in the art will appreciate that the 
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concentration of the bilaycr stabilizing component can be varied depending on the bilayer 
stabilizing component employed and the rate at which the Uposome is to become 
fiisogenic. 

By controlling the composition and concentration of the bilayer «tohiiSrin£ 
5 component, one can control the rate at which the bilayer stabilizing component exchanges 
out of the liposome and» in turn, the rate at which the liposome becomes fusogenic. P6r 
instance, when a polyethyleneglycol-phosphatidylethanolamine conjugate or a 
potyethyleneglycoi-ceramide conjugate is used as the bilayer stabilizing component, the 
rate at which the liposome becomes fusogenic can be varied, for example, by varying the 

10 concentration of the bilayer stabilizing component, by varying the moleoilar weight of 
the polyethyleneglycol, or by varying the chain length and degree of saturation of the 
acyl chain groups on the phosphatidyledianolamine or the ceramide. In addition, other 
variables including, for example, pH, temperature, ionic strength, eic. can be i t w I to 
vary and/or control the rate at v^ch the liposome becomes fusogenic. Other methods 

15 which can be used to control the rate at which the liposome becomes fusogenic will 
become apparent to those of sldU in the art upon reading this disclosure. 

In a presently preferred embodiment, the fusogenic liposomes contain 
cholesteroL It has been determined that when cholesterol-free liposomes are used in 
vivo, they have a tendency to absorb cholesterol from plasma lipoproteins and cell 

20 membranes. Since his absorption of cholesterol could, in theory, change the ftispgenic 
behavior of the liposomes, cholesterol can be included in the fusogenic liposomes of the 
present invention so that Uttle or no net transfer of dioleslerol occurs in vivo. 
Cholesterol, if included, is generally present at a concentratbn ranging from 0.02 mote 
percent to about 50 mole percent and, more preferably, at a concentration ranging from 

25 about 35 mole percent to about 45 mole percent. 

A variety of methods are available for preparing liposomes as described 
in, e.^., Szoka et al^^Ann. Rev, Biophys. Bioeng. 9:467 (1980), U.S. Pat. Nos. 
4,186,183, 4,217,344, 4,235,871, 4,261,975, 4,485,054, 4,501.728, 4,774,085. 
4,837,028, 4,235,871. 4,261,975, 4,485.054. 4,501,728, 4.774,085. 4,837,028, 

30 4,946,787, PCX Publication No. WO 91\17424, Deamer and Bangham, Biochim. 

Biophys. Aaa, 443:629-634 (1976); Fralcy, et al,, Proc. NatL Acad. ScL USA 76:3348- 

3352 (1979); Hope, et aly Biochim. Biophys. Ada 812:55-65 (1985); Mayer, a al., 
Biochim. Biophys. Aaa 858:161-168 (1986); VTilliams, etaL, Proc. Natl Acad. So. 
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USA 85:242-246 (1988); the text Uposomes, (Marc J. Ostro (cd.), Mared Dckkcr, Inc., 
New York, 1983, Chapter 1); and Hope, et aJ., Chenu Fhys, Up. 40:89 (1986), aU of 
which are incorporated herein by reference. Suitable methods include, for example, 
sonication, extrusion, high pressure/homogenization, microfluidization, deteigent 
dialysis, calcium-induced fusion of small liposome vesicles and ether-Aisim methods, all 
of which are well known in the art. One method produces multilamellar vesicles of 
heterogeneous sixes. In this method, the vesicle-forming lipids are dissolved in a suitable 
organic solvent or solvent system and dried under vacuum or an inert gas to form a thin 
lipid film. If desired, the film may be redissolved in a suitable solvent, such as tertiary 
buianol, and then lyophilized to form a more homogeneous lipid mixture which is in a 
more ea^ly hydrated powder-like form. This film is covered with an aqueous buffered 
solution and allowed to hydrate, typically over a 15-60 minute period with agitation. 
The size distribution of the resulting muldlamellar vesides can be shifted toward smaller 
sizes by hydrating the lipids under more vigorous agitation conditions or by adding 
solubilizing detergents such as deoxycholate. 

UnilameUar vesicles are generally prepared by sonication or extrusion. 
Sonicaiion is generally preformed with a tip sonificr, such as a Branson tip sonificr. in 
an ice bath. TypicaUy, the suspension is subjected to several sonication cycles. 
Extrusion can be carried out by biomembrane cxtruden, such as the lipex Biomembiane 
Extruder. Defined pore size in the extrusion filters can generate imiiflm ^fjar liporomal 
vesicles of specific sizes. The liposomes can also be formed by extrusion through an 
asymmetric ceramic filter, such as a Ceraflow Kficrofiiter, commeitially available ftom 
the Norton Company, Worcester MA. 

Following liposome prq)aration, the liposomes may be sized to achieve a 
desired size range and relatively narrow distribution of liposome sizes. A size range of 
about 0.05 microns to about 0.20 microns aUows the liposome suspension to be sterilized 
by filtration through a conventional filter, typically a 0.22 micron filter. The filter 
sterilization method can be carried out on a high through-put basis if the liposomes have 
been sized down to about 0.05 microns to about 0.20 microns. 

Several techniques are available for sizing liposomes to a desired uxc. 
One sizing metiiod is described in U.S. Pat. No. 4 J37,323, incorporated herein 1^ 
reference. Sonicating a liposome suspension dther by bath or probe sonication |^ 
a progressive size reduction down to small unilamellar vesicles less than about 0.05 
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microns in size. Homogcnization is another method which reUcs on shearing energy to 
fragment large liposomes into smaller ones. In a typical homogenizadon procedure, 
multilamcUar vesicles are recirculated through a standard emulsion hompgenizer until 
selected liposome sizes, typically between about 0. 1 and 0.5 microns, are (^served. In 
both of these methods, the particle size distribution can be monitored by omventional 
laser-beam particle size discrimination. In addition, the size of the Uposomal vesicle can 
be determined by quasi-electric light scattering (QELS) as described in Bloomfield. Ann. 
Bev. Biophys. Bioeng. 10:42M50 (1981). incorporated herein by reference. Average 
liposome diameter can be reduced by sonicatton of formed liposomes. Intermittent 
sonication cycles can be alternated with QELS assessment to guide efficient liposome 
synthesis. 

Extrusion of liposome through a small-pore polycarbonate membrane or an 
asymmetric ceramic membrane is also an effective method for reducing liposome sizes to 
a rdativcly well-defined size distribution. Typically, the suspension is cycled through 
the membrane one or more times until the desired liposome size distribution is achieved. 
The liposomes may be extruded through successively snudlcr-pore membranes, to achieve 
a gradual reduction in liposome For use in the present inventicms, l^somes 
having a size of from about 0.05 microns to about 0.45 micfons are preferred. 

For the ddivcry of therapeutic agents, the fusogenic Iqnsomes of the 
present invention can be loaded with a tiienqmitic agent and administered to the subject 
requiring treatment. The therapeutic agents which can be administered using the 
fusogenic liposomes of the present invention can be any of a variety of drugs, peptides, 
proteins, DNA. RNA or other bioactive molecules. Moreover, cationic lipids may be 
used in the delivery of therapeutic genes or oligonucleotides intended to induce or to 
block production of some protein within the cell. Nucleic arid is negatively charged and 
must be combined with a positively charged entity to form a complex suitable for 
formulation and cellular delivery. 

Cationic lipids have been used in the transfection of cells in vitro and in 
WW (Wang, C-Y, Huang L., "pH sensitive immunoliposomes mediate target c^-spedfic 
delivery and controlled expression of a foreign gene in mouse," Proc. Natl Aead. Set. 
USA, mi; 84:7851-7855 and Hyde, S.C.. Gill, D.It, Higgins, C.F.. ef ol.. 
"Correction of the ion transport defect in cystic fibrosis transgenic mice by gene 
therapy,- Namre, 1993; 362:250-255). The efficiency of this transfection has often been 
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less than desired, for various reasons. One is the tendency for cationic lipids complexed 
to nucleic acid to form unsatisfactory carriers. These carriers are improved by the 
addition of PEG-modiAed lipids and, in particular, FEG-modifted cenunide lipids. The 
addition of P£G>raodified lipids prevents particle aggregation and provides a means for 

5 increasing circulation lifetime and increasing the delivery of the lipid-nucleic a rid 

particles to the targ^ cells. Moreover, it has been found that cationic lipids fiise more 
readily with the target cells and, thus, the addition of neutrally charged PEG*modified 
ceramide lipids docs not mask or diminish the poridve charge of the carrier liposomes. 
Cationic lipids useful in producing Upid based carriers for gene and 

10 oligonucleotide delivery include, but are not limited to, 30-(l^-(N*,K*- 

dimethylaminoethane)carbamoyl)cholesterol (DC-Chol); N,N-distcaryl-N,N* 
dimethylammonium bromide (DDAB); K-(l,2-dimyristyloxyprop-3»yl)-N,N-dimethyl-N- 
hydroxyethyl ammonium bromide (DMRIE); diheptadecylamidoglycyl spermidine 
(DOGS); NKl-(2,3-dioieyloxy)propyl)-NK2>(spenninecarboxamido)ethyl)-N,N- 

15 dimethylammonium trifluoroacelate (DOSPA); N-(U(2,3-dioleoyloxy)propyl)-N,N,N- 
trimethylamnumium chloride (DOTAP); N-(l*(2,3-dioleyloxy)propyl)*N,N,N- 
trimettiylammonium chloride (DOTMA); i\r,N-di6leyl-iV,i^-dimethylainmonium cMcxide 
(DODAC); LIPOFECnN, a commercially available cationic lipid comprising DOTMA 
and DOPE (GIBCO/BRL, Grand Island, N.Y.) (U.S. P^t N6s. 4,897,355; 4,946,787; 

20 and 5,208,036 issued to Epstein, et a/.); liPOFECTACE or DDAB (dimethyldioctadecyl 
ammonium bromide) (U.S. Patent No. 5,279,883 issued to Rose); LIPOFECTAMINE, a 
commercially available cationic lipid composed of DOSPA and DOPE (GIBCO/BRL, 
Grand Island, N.Y.); TRANSFECTAM, a comn^rcialiy available cationic lipid 
comprising DOGS (Promega Corp., Madison, WI). 

25 Any variety of drugs which are selected to be an appropriate treatment for 

the disease to be treated in the tissue can be administered using the fiisogenic liposomes 
of the present invention. Often the drug will be an antineoplastic agent, such as 
vincristine, doxorubicin, cisplatin, bleomycin, cyclophosphamide, methotrexate, 
. streptozotodn, and the like. It may also be desirable to deliver anti-infecdve agents to 

30 specific tissues by the present methods. The compositions of the present invention can 
also be used for the selective delivery of other drugs including, but not limited to local 
anesthetics, e.g., dibucaine and chlorpromazine; beta-adrenergic blockers, e.g., 
propranolol, timolol and labetolol; antihypertensive agents, e.g., donidine and 
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hydralazine: anti-dq»iessanu, e.g., imipiaraine. araitriptyline and doxqrim; 
anti-convulsants. e.g., phenytdn; antihistamines. e.g., diphenhydnuninc. 
chtapheoirimine and pronediazine; antibacterial agems. e.g. , gentamydn; antifiuigal 
agents. e.g.. mioonazde. terconazole, econazole. isoconazoie. butaconaznle. 
dotrimaiole, itraconazole, nystatin, nafdfine and amphotericin B; antiparasitic agents, 
homMjnes, honnone antagonists, immunomodulators, neurotransndlter antagonists, 
antiglaucoma agems, vitamins, narcotics, and imaging agents. Other particular drugs 
which can be selectively administered by the compositions of the present invention will 
be well known to those of sldll in the art. AdditionaUy, two or more therapeutic agents 
may be adminisiered simultaneously if desired, where such agents produce 
comjdementary or synergistic effecu. 

Methods of loading conventional drags into liposomes include an 
encapiutotion technique and the tansmemteane potential loading method. Inooe 
encapsulation technique, the drug and liposome components are dissolved in an organic 
solvent in which all species are misdble and concentrated to a dry film. A buffer is then 
added to the dried Ghn and liposomes are formed having die drug incorporated into the 
vesicle walls. Alternatively, the drug can be placed into a buffer and added to a dried 
film of only Upid components. In this mamier. the drug will become emapsulated in the 
aqueous interior of the Uposome. The buffer which is used in the formation of die 
liposomes can be any biologicaUy compatible buffer solution of, for example, isotonic 
saline. phoq>hate buffered saUne, or other low ionic sticngOi buffos. Geneially. the 
dnig will be present in an amount of from about 0.01 ng/niL to about 50 mg/mL. Hje 
resulting Uposomes with the drug incorporated in the aqueous interior or in the 
membrane are then optionally sized as described above. 

Transmembrane potential loading has been described in detail in U.S. 
Patent No. 4,885,172, U.S. Patent No. 5,059.421. and U.S. Patent No. 5.171,578, die 
contentt of which are incorporated herein by reference. Briefly, die transmembrane 
potential loading mediod can be used with essentially any conventional drug which 
exhibits weak add or weak base characteristics. Preferably, die drug will b ativdy 
lipophUic so diat it wiU partition into die liposome membrane. A pH gradient is created 
across die bUayers of die Uposomes or protdn-liposome complexes, and die drug is 
loaded into the Uposome in response to the pH gradient. The pH gradiem is generated 
by creating a proton gradient across die membrane eidier by making die interior more 
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addic or basic than the exterior (Hanigan, et ol., Biochem, Biophys. Acta. 1149:329-339 
(1993), the teachings of which are incoiporated hezein by reference), or by establishing 
an ion gradient employing ionizable agents, such as ammonium salts, which leads to the 
generation of a pH gradient {See, U.S. Patent No. 5,316,771 (Barenholz), the teachings 
of which are incorporated herein by reference). 

In certain embodiments of the present invention, it is desirable to target 
the liposomes of the invention using targeting moieties thai axe q)edfic to a particular 
cell type, tissue, and the like. Targeting of liposomes using a variety of targeting 
moieties (e.g., ligands, receptors and monoclonal antibodies) has been previously 
described (see, e.g. , U.S. Patent Nos. 4,957,773 and 4,603,044, both of whkh are 
incorporated herein by reference). 

Examples of targeting mdeties include monoclonal antibodies specific to 
antigens associated with neoplasms, such as prostate cancer spedfic andgen. Tumors can 
also be diagnosed by detecting gene products resulting from the activation or 
overexpression of oncogenes, such as ras or c-erB2. In addition, many tumors express 
antigens normally expressed by fetal tissue, such as the alphafetoprotdn (AFP) and 
carcinoembryonic antigen (CEA). Sites of viral infection can be diagnosed using various 
viral antigens such as hqntitis B core and surface antigens (HBVc, HBVs) hepatitis C 
antigens, Epstein-Barr virus antigens, human immunodeTtciency type-1 virus (HIVl) and 
papilloma virus antigens. Inflammadon can be detected using molecules specifically 
recogntted by surface molecules which are expressed at sites of inflammation such as 
integrins (e.g., VCAM-1), selectin receptors (e.g,, ELAM-1) and the like. 

Standard methods for coupling targeting agents to liposomes can be used. 
These methods generally involve incorporation into liposomes lipid components, e.g. , 
phosphatidylethanolamine, which can be activated for attachment of targeting agents, or 
derivatized lipophilic compounds, such as lipid derivatized bleomycin. Antibody targeted 
liposomes can be constructed using, for instance, liposomes which incorporate protein A 
{see, Renneisen, et ol., J. BioL Chem., 265:16337-16342 (1990) and Leonecti, et al., 
Proc. NatL Acad. Sd. (USA) 87:2448-2451 (1990), both of which are incorporated 
herein by leferenoe). 

Targeting mechanisms generally require that the targeting agents be 
positioned on the surface of the liposome in such a manner that the target moieties are 
available for interaction with the target, for example, a cell surface receptor. The 
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liposome is typically fashioned in such a way that a connector portion is first 
incorporated into the membiane at the time of forming the membrane. The connector 
portion must have a lipofriiilic portion which is firmly embedded and anchored in the 
membrane. It must also have a hydrofMic portion which is chemically available on the 
aqueous surface of the liposome. The hydrophilic portion is selected so that it will be 
chemically suitable to form a stable chemical bond with the targeting agent which is 
added later. Therefore, the connector molecule must have both a lipophilic anchor and a 
hydrophilic reactive group suitable for reacting with the target agent and holding the 
target agent in its correct position, extended out from the liposome's surface. In some 
cases it is possible to attach tiie target agent to tiie connector molecule directiy, but in 
most instances it is more suitable to use a third molecule to act as a chemical bridge, 
tiius linking the connector molecule which is in the membrane with the target agoit 
which is extended, three dimensionaUy, off of the vesicle surface. 

Following a sq>aration step as may be necessary to remove fite drug from 
the medium containing tiie liposome, the liposome suspension is brought to a desired 
concentration in a phar m aoeutically acceptable earner fen- administration to the patient or 
host cells. Many pharmaoeutically accq>table carriers may be employed in tiie 
compositions and metiiods of the present invention. Suitable formulations for use in the 
present invention are found in Remington's Pharmaeeudcal Sciences^ Mack Publishing 
Company, Philaddphidp PA, 17tfi ed. (1985). A variety of aqueous carriers may be 
used, for example, water, buffered water, 0.4% saline, 0.3% glycine, and die like, and 
may include glycoproteins for enhanced stability, such as albumin, lipoprotein, globulin, 
etc. Generally, normal buffered saline (135-150 mM NaCl) will be employed as tiie 
pharmaoeutically accq>table carrier, but other suitable caiiiers will suffice. These 
compositions can l>e sterilized by conventional liposomal sterilization techniques, such as 
filtration. The compositions may contain pharmaceutically acceptable auxiliary 
substances as required to approximate physiological conditions, such as pH adjusting and 
buffering agents, tonidty adjusting agents, wetting agents and the like, for example, 
sodium acetate, sodium lactate, sodium chloride, potassium chloride, calcium chloride, 
sori>itan monolaurate, triethanolamine oleate, etc. These compositions can be sterilized 
using the techniques referred to above or, alternatively, they can be produced under 
sterile conditions. The resulting aqueous solutions may be packaged for use or filtered 
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under aseptic conditions and lyophilized, the lyophilized preparation being combined with 
a sterile aqueous solution prior to administration. 

The concentration of liposomes in the carrier may vary. Generally, die 
concentration nvill be about 20-200 mg/ml, usually about SO-ISO mg/ml, and most 

5 usually about 75-125 mg/ml, e.g. , about 100 mg/ml. Persons of skill may vary these 
concentrations to optimize treatment with different liposome conqMments or for particular 
patients. For example, the concentration may be increased to lower the fluid load 
associated with treatment. 

The present invention also provides methods for introducing therapeutic 

10 compounds into cells of a host. The methods generally comprise administering to the 
host a fiisogenic liposome containing the therapeutic compound, wherein the fusogenic 
liposome comprises a bilayer stabilizing component and a lipid which adopts a non- 
lamellar phase under physiologiGal conditions, yet which is capable of ft«t»tning a bilayer 
structure in the presence of said bilayer stabilizing component The host may be a 

15 variety of animals, including humans, non-human primates, avian apecies, equine 
S3)ecies, bovine spedes, swine, lagomorpha, rodents, and the lUce. 

The cells of the host are usually exposed to the liposomal prqnrations of 
the invention by in vivo administration of the formulations, but tx vivo exposure of the 
cells to the liposomes is also feasible. In ^4vo exposure is obtained by administiation of 

20 the liposomes to host The liposomes may be administered m many ways. These 
include parenteral routes of administration, such as intzavenous, intramuscular, 
subcutaneous, and intraarterial. Generally, the liposomes will be administered 
intravenously or in some cases via inhalation. Often, the liposomes will be administered 
into a large central vein, such as the superior vena cava or inferior vena cava, to allow 

25 highly concentrated solutions to be administered into large volume and flow vessels. The 
liposomes may be administered intraaxteriaily following vascular procedures to deliver a 
high concentration direcdy to an affected vessel. In some instances, the liposomes may 
be adnunistered orally or transdermally, although the advantages of the present invention 
are best realized by parenteral administradon. Hie liposomes may also be incorporated 

30 iiuo implantable devices for long duration release following placement 

As described above, the liposomes will generally be administered 
intravenously or via inhalation in the methods of the present invention. Often multiple 
treatments will be given to the patient. The dosage schedule of the treatments will be 
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detennined by the disease and the patient's condition. Standaid treatments with 
therapeutic compounds thai arc well known in the an may serve as a guide to treatment 
with liposomes containing the therapeutic compounds. The duration and schedule of 
treatments may be varied by methods well known to those of skill, but the increased 
5 circulation time and decreased in liposome leakage will generally allow the dosages to be 
adjusted downward from those previously employed. The dose of l^xKomcs of the 
present invention may vary depending on the clinical condition and size of the animal or 
patient receiving treatment. The standard dose of the therapeutic compound when not 
encapsulated may serve as a guide to the dose of the liposome-encapsulated compound. 

10 The dose will tyi^cally be constant over the course of treatment, although in some cases 
the dose may vary. Standard phyaological parameters may be assessed during treatment 
that may be used to alter the dose of the liposomes of the invention. 

Liposome charge is an important determinant in liposome clearance from 
the blood, with negatively charged liposomes being taken up more rapidly by the 

15 reticuloendothelial system (Juliano, Biochem. Biophys. Jto. Commun. d3:651 (1975)) 
and, thus, having shorter half4ives in the bloodstream. Liposomes with prolonged 
circulation half-lives are typically desirable for therapeutic and diagnostic uses. To 
maximize circulation half-lives, the bilayer stabilizing component should be a hydrophilic 
polymer, e.g., PEG, conjugated to lipid anchors, e.g., PEs, having long, saturated 

20 hydrocarbon chains (C18 > C 16 > C14) as these conjugates provide a longer lasting steric 
bairier. As such, by varying the charge in addition to the foregoing factors, one of skill 
in the an can regulate the rate at which the liposomes of the present invention become 
fusogenic. 

Additionally, the liposome suspension may include lipid-protective agents 
25 which protect lipids against free-radical and lipid-peroxidative damages on storage. 

Lipophilic free-radical quenchers, such as alphatocopherol and water-soluble iron-spedfic 
chdators, such as fenioxamine, are suitable. 

The invention will be described in greater detail by way of specific 
examples. The following examples are offered for illustrative purposes, and are not 
30 intended to limit the invention in any manner. 
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EXAMPLES 

L MATERIALS Am aENEKAL MEmODS 

A. Materials 

All phospholipids including fluoiescent probes and PEG-PE conjugates 
woe purchased from Avanti Polar Lipids, Birmingham, Alabama, USA. 1-O-methyl- 
(poly(cthoxy)-0-succiiiyl-<Hcgg)ccramidc which was a gift from Dr L. Choi of Inex 
Pharmaceuticals Carp., Vancouver, BC, Canada. E>i-[l-'^>palmitoylphoq)hatidyl- 
choline was purchased from Du Pont, Mississuaga, Onl., Canada. ['HJ-DSPE-FEGm 
was synthesized as described pfeviously (Parr, ef a/., Biodian. BiojOtys. Acta. 1195: 
21-30 (1994)). Other reagenti were purchased firom Sigma Chemical Co., St Loins, 
Missouri, USA. 

B, Pnpamtion of multHamiUar vesUUs and large unUamellar vedeUs 
Lipid components were mixed in 1-2 ml of benzene:methanc4 (95:5, v/v) 

and then lyophilized for a minimum of 5 hours at a pressure of <60 millitorr using a 
Virtis lyophilizer equipped with a liquid N2 trap. Multilamellar vesicles (MLVs) were 
prqared by hydcating the dry lijnd mixtures in ISO mM NaCl, buffered with 10 mM 
Hepes-NaOH, pH 7.4 (Hqies-buffered saline, HBS). Mixtures were vortexed to assist 
hydration. To produce large unilamellar veacks (LUVs), MLVs were first iroien in 
liquid nitrogen and then thawed at 30^C five times. LUVs were produced by extrusion 
of the frozen and thawed MLVs ten times through 2 stacked polycarbonate fdters of 100 
nm pore size at dO'^C and pressures of 200-500 psi (Hope, er al. , Biadiim, Biophys. 
Aaa, 812:55-65 (1985)). 

C ^'F-NMR ^eetroscopy 

^'P-NMR spectra were obtained using a temperature controlled Bruker 
MSL200 spectrometer operating at 81MHz. Free induction decays were accumulated for 
2000 transients using a 4 /is, 90"* pulse, 1 sec. inteipulse delay, 20 KHz swtep width and 
Waltz decoupling. A 50 Hz line broadening was applied to the data prior to Fourier 

transformation. Samples were allowed to equilibrate at the indicated temperature for 30 
minutes prior to data accumulation. Lipid concentrations of 30-70 mM were used. 
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D. Fneze^fineture Eleetwn Microscopy 

MLVs were pitpaicd by hydrating a mixtme of DOP£:chotesteiol:DOP£- 
PEG2000 (1:1:0:1) with HBS. A portion of the mixture was extruded as described al^ 
to produce LUVs. Glycerol was added to both MLVs and LUVs to a final ccmoentiatian 
5 of 25% and samples were rapidly frozen in liquid freon. The samples were fractured at 
-110*C and < 10^ torr in a Balzers BAF400 unit Rqjlicas were pirated by 
shadowing at 45'' with a 2 nro layer of platinum and coating at 90"" with a 20 nm layer 
of carbon. The replicas were cleaned by soaking in hypochlorite solution for up to 48 
hrs and were visualized in a Jeol JEM-1200 EX electron microscope. 

10 

E. Gel FUinaion of LUVs and AiiceOes 

LUVs composed of DOPE:cholestcr6l:DSPE-PEGjoo9 (1:1:0:1) with trace 
amounts of '*C-DPPC and 'H-DSPE-PEGaooo were chromatographed at a now rate of 
approximately 0.5 ml/min on a column of Sq)harose CLrAB was pr etre a i e d with l(hng of 
15 cggPC, which had been suspended in HBS by bath saiication, to eUminate non-spedfk 
adsorption of lipid to the colunm. Micelles were prepared by hydradng DSPE-PBGjooo 
containing a trace amount of 'H-DSPE-PEGjooo with HBS and chromatographed as 
described for LUVs. 

20 P. Mixing AsstKfM 

Lipid mixtures were prepared as described for NMR measurements. The 
resultant multilamellar vesicles (MLV) were frozen in liquid nitrogen and then thawed at 
30*C five times. Large unilamellar vesicles (LUV) were produced by extrusion of the 
frozen and thawed MLV ten times through 2 stacked polycarbonate fUtcrs of 100 mn 

25 pore size at 30*C and pressures of 200-500 psi (Hope, et oL , Biochim. Biophys. Acta 
812:55-65 (1985)). 

Lipid mixing was measured by a modification of the fluorescence 
resonance energy transfer (FRET) assay of Struck, a d. (Biochmistry 20:4093*4099 
(1981)). LUVs were prepared containing the fluorescent lijnds, N-(7-mtro-2-l,3- 

30 benzoxadiazoM*yl)- dioleoylphosphatidylethanolamine (NBD-PE) and N-(lissainine 
ihodamine B sulfonyl)-dipalmitoylphosphatidylcthanolamine (Rh-PE) at 0.5 mol%. 

LUVs (50^ mM) and a three-fold excess of unlabclled target vesicles were mixed in the 
fluorimeter at 3TC for short term assays (^ 1 hour), or in sealed cuvettes in a dark 
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water bath at 37^C for longer assays. For measurements of fusion after PEG-lipid 
transfer, an excess of liposomes prqxared from l-palmitoyl-2-otooyl-phosphatidylcholine 
(POPC) was added as a sink for the PEG-lipid. Fluorescence emission intensity was 
measured at 517 nm with excitation at 465 nm both before and after the addition of 
Triton X-100 (final conccntraticn of 0. 5% or 1 % when POPC sink was used). Data is 
presented as either unconected fluorescence intensity for short term assays (^1 hour) or 
as percentage fusion. light scattering controls were performed by itpladng LUVs 
labelled with 0.5 mol% probes with unlabelled vesicles. Maximum fusion was 
determined using mock fused vesides containing 0.125 mol% of each fluorescent probe. 
The percentage fusion was calculated as: 
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•/•Fusion = r\ .\ x 100 



(Mt--Lt) (Ft-Lt) 



where F(o = fluorescence intensity at time t; Fo= fluorescence intensity at zero time; F^ 
= fluorescence intensity in the presence of Triton X-100. M and L represent the same 
measuremenu for the mock fused control and the light scattering control respectively. 
Changes in fluorescence of the mock fused control indicated diat exchange of the 
fluorescent probes over 24 hours accounted for 10% of the fluorescence change 
observed, but was negligible over the first hour. 



C. Fusion ofUpoiomes wUh Red Blood Cills 

LUVs composed of DOP£:cholesterol:I>ODAC (40:45:15) or 
DOPE:cholestcrol:DODAC:PEG-ccramide (35:45:15:) were prepared by standard 
extrusion techniques. LUVs also contained 1 mol% rhodamine-PE. LUVs (200 ^M) 
were incubated at 37**C with 50 ^1 packed RBCs in a .final volume of 1 ml. For assays 
of fusion after PEG-lipid exchange, a sink of 2 mM POPC:cholesterol (55:45) was 
inchided. In some assays, the fusogenic liposomes were pre-incubated with the sink 
before being mixed with the RBC:s (See, figure legends for Figures 22-24). Aliquots of 
the mixtures were transferred to glass microscope slides, covered with cover slips and 
examined by phase contrast and fluorescent microscopy. Fusion was assessed as 
fluorescent labeling of the RBC plasma membranes. For Figures 22-24, fluorescent 



wo 96/10392 PCT/CA95AI0S57 

27 

liposomes were incubated with POPCxholesterol liposomes and/or RBCs as described in 
section "L," ir^a. Panels a,c and e of Figures 22-24 are views under phase contrast, 
whereas panels b»d and f of Figures 22-24 are the same fields viewed under fluorescent 
light. 

5 

H. Other Prveedum 

Phospholipid concentrations were determined by assaying for phosphate 
using the method of Fiske and Subbarow ( 7. Biol Chem,, 66:375-400 (1925)). 
Liposome size distributions were determined by quasi-elastic light scattering (QELS) 
10 using a Nicomp model 370 particle sizer. 

U. EXPERIMENTAL FINDmGS 

A. Ii\flutnc€ of BSC on the polymorphic phase propertUi f^an egmmolar 
15 mixture of DOPE and cholesutol 

^^P-NMR was used to examine the effect of bilayer stabilizing component 
(BSC), in this instance poly-<ethyleneglycol)2ooQ conjugated to DOPE (i.^., DOPE- 
PEGjoqq), on the phase preference of an equimolar mixture of DOPE and cholesterol 

20 (Figure 1). In the absence of BSC, the mixture adopted an inverse hexagonal phase (Hq) 
at 20^C as determined from the characteristic ''P-NMR lineshape with a low field peak 
and high field shoulder ((Willis and deKruijff, Biochim, Blophys. Acta 559:399-420 
(1979)). As the amount of BSC in the mixture was increased, the peak corresponding to 
Hq phase phospholipid disappeared and a high field peak with a low field shoulder, 

25 characteristic of bilayer phase phospholipid (Clullis and deKruijff, supra^ 1979) appeared. 
When DOPE'PEGsoQo was present at 20 mol% of phospholipid, die mixture was almost 
exclusively bilayer with no evidence of Hq phase lipid. 

In addition to the peaks corresponding to Hq phase and bilayer phase, a 
third peak indicative of isotropic motional averaging was observed in the presence of 

30 BSC (Figure 1). The size of the isotropic signal varied with the amount of BSC present 
and, as shown in subsequent Figures, tiie nature of the BSC species. The signal was 
largest at concentrations of BSC that allowed Ho and bilayer phases to co-exist and 
diminished when either Hq or bilayer phase predominated. Such a signal may be 
produced by a number of pho^holipid phases which allow isotn^c motional aveiBging 
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on the NMR timescale, including micellar, small vesicular, cubic and rttombic phase 
phospholipids. 

The it^fluence of BSC on the themotnpk pmperties of an eqmmolar 
5 mixture of DOPE and cholesterol 

Figure 2 illustrates the effect of temperature on the phase properties of 
mixtures of DOPE, cholesterc^ and BSC. When DOPE-PEG^qqo was present at 9 mol%, 
there was a large isotropic signal which dominated the spectrum at all temperatures. The 

10 predominant, non*isotropic phase at O^'C was bilayer. However, as the cempeniture was 
increased the high field peak diminished and a shoulder cone^xMiding to the low field 
peak of the Hp phase appeared. The aqyparent bilayer to hexagonal phase transition 
occurred at 40-50*'C» but was almost obscured by the laige isotropic signal. DOPE on 
its own exhibits a sharp transition over an interval of iQjproximately 10*C {see. Figure 1 

IS in Tiloock, er al. , Biodimistry 21:4S9fr4601 (1982)). The transition in mixtures of 
DOPE, cholesterol and BSC was slow in comparison widi both phases present over a 
temperature range of almost 40''C {See also. Figure 3). 

The mixture was stahilircxl in the bilayer conformation over the same 
temperature range when the BSC content was increased to 20 mol% (Figure 2). There 

20 was no evidence of phospholipid in the Hn phase. In addition, the isotropic signal was 
markedly reduced at the higher BSC concentration at all temperatures studied. The 
amount of lipd experiencing isotropic motional averaging increased as the tenqierature 
increased for both concentrations of BSC. 

25 C. Tlie ^ect of head group sixM on the bilayer stablOmg ptvpertUe of 

BSCS 

The influence of head group size on the bilayer stabilizing pioperties of 
BSCS is illustrated in Figure 3. DOPE-PEGjooo at 5 niol% had limited bilayer stabilizing 

30 ability. A broad bilayer to Ho transition was centered at sqyproximatdy lO'C, but a 
large proportion of the lipid adopted non-bilayer phases at all temperatures exanuned. 
Increaang the size of the headgroup by using poly-(ethyleneglycol)^ conjugated to 
DOPE (DOPE-raGsooo) in place of DOPEtPEGsooq, at the same molar fraction, caused a 
marked increase in bilayer stability. The bilayer to Hq tranntion temperature increased 

3S to approximately SO^'C and the isotropic signal was barely discernible. The broadening 
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of the bilayer to Hn transition noted above is particularly evident here with Hb phase 
lipid present at O^'C and bilayer phase lipid present at 40'*C. 

A The influence of acyl dioin composition on the bik^er staMBmg 
properties o/BSCs 

The bilaycr stabilizing ability of three BSCs differing only in acyl chain 
composition is shovm in Figure 4. PEGjooo conjugated to dimyriatoylphosphatidyl- 
ethanolamine (DMFE-PEGsoqi^, dipalmitoylphosphatidylethanolamine (DPPE-PEGaooo) or 
disteaioylphosphatidylethanolaniinc (DSPE-PEGmoq) showed a similar abUiiy to stabilize 
an equimolar mixture of DOPE and cholesterol. The bilayer to Hb ]rfiase transition was 
raised to approximately 40-50*C. TTic results are similar to those presented in Figure 2 
which were obtained using a BSC with the same headgroup, but unsaturated acyl groups 
(DOPEpFEGkoo) at the same concentration. Hie size of the isotropic signal varied 
somewhat with the different BSCs, beuig smallest with DSPE-FBG^n and largest with 
DOPE-PEGsQoo (cf- > Figure 2 and Figure 4). 

E. The use of PEG<emmides as bilayer stabUimg components 

The spectm set forth in Figures 1-4 were all obtained using PEG 
conjugated to phosphatidylcthanolamine through a carbamate linkage. In addition, 
however, the use of ceramidc as an alternative anchor for the hydiophilic polymer was 
examined. PEGjoo was conjugated via a succinate linker to egg ceramide. Figures 
shows the ^■P-NMR spectra obtained using mixtures of DOPE:cholesterol:egg 
ccramide-PEGMoo (1: 1:0. 1 and 1: 1:0.25) over die temperature range of 0 to 60*C. At 
the lower molar ratio of PEG-ccramide, both bilaycr and H„ phase lipid are in addence 
at most temperatures. Howevo-, at the higher PEG-ceiamidc molar ratio, the spectra aie 
exclusively bilaycr up to 60*C at which point a low field shoulder corresponding to Hn 
phase lipid is visible. Unlike tht spectra obtained using PEG-PEs, there was almost no 
isotropic signal when PEG-ceramide was used. 

F. Freeu-froeture electron microscopy 

One of the interesting features of several of the NMR spectra was the 
narrow signal at 0 ppm, indicative of isotropic motional averaging. This signal can arise 
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from a number of phospholipid phases iuch as micellar, small vesicular, cubic and 
rhombic phase structures. Freeze-fracture electron microscopy was used to investigate 
this aspect furtfier. Figure 6 shows an electron micrograph of MLVs prqwed by 
hydrating a mixture of DOP&cholesteiohDOPE-PEGaaoo (1:1:0.1) with HBS at room 
temperature. This lipid mixture ooixesponds to the NMR spectra set forth in Figure 2A 
which exhibited evidence of bi]ayer» and isotropc phases. 

A number of different structures are visible in the micrograph. Mudi of 
the lijnd is present as large spherical vesicles of 400 to 600 nm in diameter. Many of 
the vesicles have indentations which appear to be randomly distributed in some ve^es, 
but organized in straight or curved lines in others. Cusp-like protrusions are also visible 
on the concave surfiaces of some vesicles. These features are oonunonly referred to as 
lipidic particles (Verkldj, AJ., BioMm. Biophys. Acta, 779:43-92 (1984)) and may 
represent an intermediate structure formed during fusion of bilayers. These large 
vesicles would be expected to give rise to a predominately bilayer '^P-NMR spectrum 
with a narrow isotropic signal due to the lipidic particles. Similar results have been 
observed with A^methylated FEs (Gagne, et al.. Biochemistry, 24:44004408 (1985)). A 
number of smaller vesicles of around 100 nm diameter can also be seen. These vesicles 
may have been formed spontaneously on hydration, or may have been produced by 
vesiculixation of larger vendes. These vesicles are suffidendy small for lipid latend 
diffusion, or tumbling of the vestdes in suspension, to produce motional averaging on 
the NMR timescale (Burnell, et al,, Biochim. Biophys, Aaa, 603:63-69 (1980)), giving 
rise to an isotropic signal (see. Figure 2A}. In the center of Figure 6 is a large 
aggregate showing evidence of several different structures. The right side of the 
aggregate is characterized by what appears to be closely packed lipidic particles. The 
upper left hand side shows a distinct organization into threesUmensional cubic arrays and 
the lower left hand region has the appearance of stacked tubes characteristic of lipid 
adopting the Hn phase (Hope, etaJ.,J. Elea, Micros. Tech,, 13:277-287 (1989)). This 
is conustent with the corresponding "P-NMR spectrum. 

Figure 7 shows the appearance of the same mixture after extniaon dirough 
polycarbonate filters of 100 nm pore size to produce LUVS. The lipid is predominatdy 
organized into vesicles of lyiproxiinately lOOnm in diameter. Closer inspection reveals 
the presence of occasional larger vesicles and some of tubular sh^. Overall the fiurly 
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uniform size distribudon is typical of that obtained when liposomes are produced by 
extrusion. 

The presence of lipid micelles is not readily apparent firom freeze fracture 
electron nucroscopy. Lipid in the miceliar phase could, however, contribute to the 

5 isotropic signal observed in NMR spectra, and it has previously been shown that P£G-P£ 
conjugates form micelles when hydrated in isolation (Woodle and Lasic, Biodum. 
Biophys. Acta, 113:171-199 (1992)). As such, the presence of micelles was tested 
by subjecting a suspension of LUVs to molecular sieve chromatography on Scphazose 
4B. The liposomes were of the same composition used for the freeze fracture studies 

10 above except that DSPE-PEGsqqo was used in place of DOPE-PEGt ^ tl^ey contained 
tnu:e amounts of "C-DPPC and II-DSPE-PEOsaoo. The elution profile is shown in 
Figure 8. A single peak containing both the phosj^blipid and PEG-PE conjugate 
markers was found in the void volume. A control experiment also shown in Figure 8 
demonstrated that micelles, which formed when PEG-FE was hydrated in isolaticm. were 

IS included into the o^umn and would have been clearly resolved if present in the 
liposomal preparation. 

G. ^ff€ci ofPE-PEG^ On Fksion OffPEsK LUVs 

When unlabdled LUVs composed of DOPE:POPS (1:1) were added to 

20 fluorescently labelled LUVs there was a small jump in fluorescence intensity due to 
increased light scattering but no fiiaon (Figure 9, tnboe a). Upon addition of 5 mM 
Ca^^y there was a rapid increase in fluorescence consistent with lipid mixing as a result 
of membrane fusion. Fusion was complete within a few seconds and was followed by a 
slow decrease in fluorescence. Inspection of the cuvette revealed the presence of visible 

2S aggregates that settled despite stirring, resulting in the obsmed decrease in fluorescence. 
When PEGjooo conjugated to dimyristoylphosphatidylethanolamine (DMPE-PEGjooo) was 
included in both vesicle populations, however, inhibition of fusion was observed. As 
diown in Figure 9 (traces b-d), inhibition was dependent on the concentration of DMPE- 
FEG2qq(, in the vesides with as little as 2 mol% being sufflcient to eliminate Q^* - 

30 induced fusion. 



10 



PCT/CA»005S7 

32 

H. Ihe ^€«t nfPB'PEG lost on fusion 

R«eendy. it has been <lenionstcated that phoq>hoUpids conjugaied to PEG 
of molecular weights 750-5,000 Da have enhanced rates of spontaneous transfer between 
Uposomes. The half-lime for transfer of these oonjqgates can vary fiom minuies to houn 

and depends on both the size of the PEG group and the nature of the acyl chains which 
anchor the conjugate in the bilaycr. As such, fiisicm was examined under conditions 
where ihe FEG-lipid would be expected to transfer out of the liposomes. C^* ions wen 
added to PE:PS Uposomes containing 2 mol% DMPErPEGa«. followed by a twelve^fold 
excess (over labelled vesicles) of l-painutoyl-2-oleoyl-phosphaiidylcholine (POPQ 
liposomes as a sink for the EEG-PE. As shown in Figure 10 (curve a), while fusion was 
initiaUy blocked by the presence of DMPE-PEtW the addition of POPC liposomes, 
which acted as a sink, lead to recovery of fiill fiisogenie activity following a short dme 

lag. The smaU initial jump in fluorescence intensity that occurred when POPC liposomes 
were added to PE:PS liposomes resulted from increased light scattaiqg, not fusion. 
Control experiments demonstrated that no fusion occurred between the PErPS Uposomes 
and the POPC liposomes (data not shown), and no fusion occurred in the absence of 
POPC liposomes (Figure 10, curve b). 

To confirm that reoovtiy of fiisogenie activity was dependent on removal 
of the PEO-PE, the influence of initial PEG-lipid coacentnlion on the duration of the lag 
phase prior to fusion was examined (Figure 11). Liposomes containing equimolar PB 
and PS were prepared with 2, 3, 5 or 10 mm* DMPB-PECW FhiorescenUy labelled 
and unlabelled vesicles were mixed at a ratio of 1:3 and afier the addition of 5 mM 
CaCl„ a 36-fold excess (over hbeUed vesicles) of POPC liposomes was added. As 
expected, there was an increase in the time delay prior to fusion wiA increasing PEG- 
25 lipid concentration. 



IS 



20 



/. Ihe ^ta of eoiyugale aeyl ehain compoation on fusogeiue activity 
Since fusion is dqiendent on prior transfer of the PEG-PE out of the 
liposomes, it was thought that the rate at which fusogenic activity was recovered would 
dqiend on the rate of transfer of the PEG-PE. One factor that affects the rate at which a 
|*oq>hoU|Md transfers from one membrane to another is the length of its acyl chains. As 
such, the effect of coi^ugate acyl chain composition on fusogenic activity was 
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investigatfid. In doing so, the recovery of fusogenic activity of PE:PS LUVs containing 
2 mol% DMPE-P£Gmx» was compared with PE:PS LUVs containing 2 nx2l% DPF£- 
PEG3000 and 2 mol% DSPE-PEGjox) (Figure 12A). Increasing the length of the acyl 
chains Crom 14 to 16 carbons caused a dnunatic increase in the lag peikxl before fusion 
was initiated. Although the same level of fusion occurred using either DMPE-PEGao» ot 
DPPErPEGsooo, it was essentially complete in 40 minutes when DMPE-FEQnoo was the 
stabilizer, but took 24 hours when DPPEpPEGjqoo was used. The implied decrease in 
rate of transfer (30-40 fold) is consistent with previous measurements of the e£fect of 
acyl chain length on rates of spontaneous phospholipid transfer. Increasing the acyl 
chain length to 18 carbons (DSPE-PECijoao, Figure 12A) extended the lag in fusion even 
further and, after 24 hours, the level was only 20% of maximum. 

A seoond factor that affects the rate of qwntaneous transfier of 
pho^holipids between bilayers is the degree of saturation or unsaturation of the acyl 
chains. The rate of fusion of LUVs containing 2 md% IX>PE-PEGnoo is shown in 
Figure 12B. The presence of a double bond increased the rate of recovery of fusogenic 
activity in the presence of a sink for the DOPE-PEGjoqo over that of the corresponding 
saturated species (DSPE-PEG^aoot Figure 12 A). The rate of fusion was similar to that 
seen with DPPE-PEGxno* Figure 12B also shows the rate of fusion obtained when the 
neutral PEG-lipid species, egg ceramide-PEGiooo was used. The rate was somewhat 
faster than observed with DPPE-PEGnoo- Although differences in the interaction of the 
two lipid anchors with neighboring phoqihdlipids in the bilayer make direct comparison 
of inteibilayer transfier rates and, hence, fusion difficult, it appears that the presence of a 
negative charge on the conjugate (PE-PEO) is not required for desorption of the 
conjugate from negatively charged bilayers. 

J. Effect qf PEG moltetdar weight on fusogenic activity 

The presence of PEG conjugated to the liposome surface resulu in a steric 
barrier that inhabits close bilayer apposition and subsequent fusion. The magnitutte of the 
barrier should increase with increasing PEG molecular weight. When DKfPE-PEGjQoo 
was inccnporated into PEiPS (1: 1) LUVS, a ooncentradon dependent inhibition of fusion 
was observed (Figure 13A). The results are similar to those obtained with DMFE- 
FEG3Q00 (Figure 9), excqn that only 1 mol% DMPE-PEGjqqo was required to completely 
inhibit fusion compared to 2 mol% DMPE-PECjjooo- 
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Figure 13B shows the effect of varying acyl chain composition of the 
larger PEG-lipid conjugate on fusion. Interestingly, the rates of fusion observed with 1 
nud% PE-PEGjooo were dmilar to those with 2 mol% PE-PEGnoo- The oonooitrations 
used were those shown to be sufficient to completely inhibit fusion (c/:» Figure 9 and 

S Figure 13A). It was thought that the larger PEG group would inciease die rate of 

interbilayer transfer of die conjugate and, hence, the rate of fusion. However, dtis was 
not the case. To examine this aspect further, the rates of fusion under conditions where 
the inidal surface density of ethylene glycol groups was similar were compared. Figure 
14 shows the fusion of PE:PS (1:1) LUVs containing 5 mol% DMPE-PEGjooo or 2 mol% 

10 DMPE-PEGjooo after addition of a sink for the PEG-lipid. The rates observed were very 
similar suggesting diat ^tors other than loss of the steric barrier as a direct result of 
interbilayer transfer of the conjugate were involved. 



FrogrammahU JusogetUc UpQsomtt comprising DOP&eboksumt: 
15 DODAC:c€imUdes 

Fluorescenay labelled liposomes were ptcpaxtd in distilled water from a 
mixture of DOPE and A^^V-diokoyl-N,N-<iimethylammonium chloride (DODAC) at a 
molar ratio of 85: IS. A three-fold excess of acceptor liposomes of the same 

20 composition, but containing no fluorescent probes, was added to labelled liposomes and 
fusion was initialed after 60s by the addition of NaO (Figure 15). Fusion was highly 
dependent on ionic strength. little fusion was observed at 50 mM NaCl, but with 
Increasing salt concentration, the rate and extent of fusion increased dramatically. At 
300 mM NaQ fusion was so extensive that visible aggregates occurred and these 

25 aggregates could not be maintained in suq)ension resuldng in the apparent decrease in 
fluorescence seen in Figure 15 for the 3(X) mM NaCl curve. Importantly, substantial 
fusion was observed at physiological salt concentration (150 mM). 

As described above, the inclusimi of 2 mol% PEG-lipid in PE:PS 
liposomes is sufficient to inhibit Ca^^-induced fuaon. When 2 mol% DMPE-PEG^ooo 

30 was included in DOPE:DODAC liposomes (DOPE:DODAC:DMFE-FEGmh 83: 15:2), 
the same inhibitory effect was observed (Figure 16). However, unlike the PE:PS 
system, when these liposomes were incubated for Ihr in the presence of a large excess of 
POPC liposomes, which acted as a sink for the PEG*PE, little, if any, fusion was 
observed. Since PEG-PEs are negatively charged the complementary charge, interaction 



15 
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with DODAC likely results in a dramatic decrease in the rate of txansfer out of the 
bilayer. 

As an alternative bilaycr stabilizing component, therefore, the ability of a 
neutral PEG-lipid species. U., PEG-ccramide. to inhibit fusion in this system was 
5 examined. PEG-oeramides have similar bilayer stabilizing properties to PEG-PEs. For 
these studies, PEGm» was conjugated to ceramides of various bay amide chain lengths 
through a succinate linker. Uposomes prepared from DOPE:DODAC:(C8:0) ceramide- 
FEG3000 (83:15:2) did not fuse in the presence of 300 mM NaQ. However, when an 
excess of POPC liposomes was added, fusion occurred feiriy rapidly (Figure 17). 
10 Sinular results were observed when cholesterol was incorporated inu> the Uposomes 

(DOPE:cholestcrDl:DODAC:(C8:0) ccramide-PEGMoo, 38:45:15:2), although die rate of 
fusion was slower than with cholesteroMtee liposomes (Figure 17). 

To determine if the rate of fusion in this system can be controlled, the 
chain lengths of the Citty amide groups of the PEG-ccramides were varied. Using a 
(C14:0) ccramide-PH3»oa, 5096 maximal fusion was observed after approximately 6 hr 
(Figure 18). TTus was a dramatic increase over die rate with (C8:0) ceramide-FEGsoQo 
shown in Figure 18, where maximal fusion was adiieved in about 40 minutes. The time 
for 50% maximal fusion was increased to over 20 hr when ^ccrainide-PEGjooD was 
used. Ceramides derived from egg have a fetty amide chain length of predominantty 
20 i6:0 (approximately 78%). with small amounts of longer saniratod chains. Figure 18 
also shows an extended time course with DMPE-PEGjooo- The Hmited extent of fusion 
( < 20% of maximum at 21 hr) shows the dramatic effect that charge interaction can have 
on PEG4ipid transfer rates. 

The rationale for using cationic liposomes is that complementary charge 
25 interacdon with anionic plasma membranes will prcmiote association and fusion of 
Uposomes with ceUs in vivo. It is important, tiierefore, to confirm that not only will 
DOPE:DODAC liposomes fuse with membranes carrying a negative charge, but that 
incorporation of PEG-lipid conjugates prevcnu fusion in a programmable manner. This 
abiUty is demonstrated in Figure 19 which shows that liposomes composed of 
30 DOPE:cholesicn)l:DODAC, 40:45: 15, fuse with negatively charged Uposomes and 
inclusion of a PEG-Upid conjugate in dte cationic Uposomes inhibits fusion. Fusion 
between DOPE:DODAC Uposomes could be prevented when 2 mol« PEG-Upid was 
present in both fluorescently labeUed and acceptor Uposomes. When PEG-lipid was 
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omitted from the accq>tor liposomes, however, its concentration in the labelled vesicles 
had to be increased to 4-S moI% to block fusion b^een cadonic and anionic liposomes. 

Again, while PEG-lipids can inhibit fusion in this system, under conditions where 
the PEG-lipid can transfer out of the liposomes, ftiSQgenic activity can be restored. 

5 Figure 20 shows that this is, indeed, the case. Incubation of DOFE:cholestend: 

DODAC:(C14:0) ccramidc-PEGjooo (36:45:15:4) liposomes with PE:PS liposomes, in the 
presence of excess POPCrcholesterol (55:45) vesicles which act as a sink, results in 
recoveiy of fiisogenic activity. In the absence of a sink, a slow rate of fusion is 
observed, indicating that a higher concentration vi PEG-l^id is required to oonq>letely 

10 prevent fusion over Icmger periods. 

While fusion between cationic and anionic liposomes provides a good 
model system, fusion in vivo is somewhat different. The acceptor membrane is not 
composed solely of lipid, but contains a high concentration of imteins, many of which 
extend outward from the lipid bilayer and may interfere with fusion. Using erythrocyte 

15 ghosts as a representative membrane system, it was found that liposomes composed of 
DOP£:choksterol:I>ODAC (40:45:15) fuse with cellular membranes (see. Figure 21). 
In adtUtion, it was found that fusion in this system, like those presented above, can also 
be inhibited using PEG-lipid conjugates. This results clearly establish the I'lffiilnfsi of 
these systems as pn^grammable fusogenic carriers for intracellular drug delivery. 

20 

Programmed fusian wUh E/ythroeytes (RBCs) 

LUVs composed of DOPE:cholesterol:DODAC (40:45:15) fused rajndly 
and extensively with RBCs (Figure 22, panels a and b). Prolonged incubation caused 
extensive lysis of the RBCs and numerous fluorescently labeled "ghosts" were formed. 
25 Incorporation of PEG-oenunide (C8:0) at 5 mo\% blocked fusion (Figure 22, panels c 
and d) and this effect was m^tained for up to 24 hr. This effect was somewhat 
surprising since the (C8:0) oeramide can exchange rapidly (i.e., widun minutes) between 
liposomal membranes. It appears thai ddier the RBCs cannot act as a sink for the PEG- 
ceramide, or there were insuffident RBCs to remove enough PEG-ceramide to allow 
30 fusion. However, when an exogenous sink for the PEG-ceramide was induded, 
fiiSQgemc activity was recovered within minutes (Figure 22, pands e and 0* 

When PEG-ccramidcs with longer fiatty amide chains (i.e., C14:0 or 
C20:0) were used, there was little fusion over 24 hr, even in the presence of an 
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exogenous sink. Tliis again was suiprising as substantial lusion is observed over this 
time frame in liposomal systems when a sink is present. It was thought that some non- 
specific interaction between the sink (POPC/cholesterol) and the RBCs was occurring 
which hindered the ability of the POPC:cholestero] liposomes to absoib the PEG* 
5 ceramide. To overcome this, the fusc)genic liposomes were pre-incubated with the sink 
before adding RBCS. Figure 23 shows the results obtained under these conditions using 
PEG-ceramide (C14:0). No fusion was observed after pre-incubation of the fusogenic 
LUVs with the sink for S minutes prior to addition of RBCs (Figure 23, panels a and b). 
However, after a 1 hr pre-incubation, some fusion with RBCs was observed (Figure 23, 

10 panels c and d), suggesting that under these conditions the FEG-oenunide could transfer 
out of the liposomes and became fusogenic. With longer incubations (2hr). the pattern of 
fluorescent labeling dianged. Rather than diffuse labeling of the RBC plasma 
membranes, extensive punctate fluorescence was observed (Figure 23, panels e and f) 
and this pattern was maintained for up to 24 hr. The punctate fluorescence did not 

IS appear to be associated with cells and it may represent fusion of fluorescent liposomes 
with the sink, although previous fluorescent measurements of liposome-liposome fusion 
indicated that this did not occur to any ^>preciable extent. A second pos»bility is that 
exchange of the fluorescent probe over the longer time courses leads Co labeling of the 
sink, although it seems unlikely that this would prevent fusion and labeling of the RBCS. 

20 When PEG-ceramide (C20:0) was used, diere was no evidence for fusion after 

preincubation of LUVs with the sink for S min (Figure 24, panels a and b), 1 hr (Figure 
24, panels c and d), 2 hr (Figure 24, pands e and 0« or for up to 24 hr (results not 
shown). 

Figures 22-24 unequivocally establish that the liposomes of the present 
25 invention exhibit programmable fusion with intact cells. Fintly, liposomes composed of 
DOPE:cholesterol:DODAC (40:45:15) that contain no FEG-lipid fuse rapidly and 
extensively with RBCs. Secondly, when the liposomes contain 5 niol% PEG-lipid fusion 
is blocked regardless of the composition of the lipid anchor. Thirdly, in the presence of 
a sink to which the PEG-lipid can transfer, fusogenic activity can be restored at a rate 
30 that is dependent on the nature of the lipid anchor. Although exchange leading to fusion 
could not be demonstrated when the PEG-ceramide (C20:0) was used, it is believed this 
is a problem with the assay rather than a lack of fusogenic potential. In vivo there would 
be an almost infinite sink for PEG-lipid exchange. 
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M. Inhibition of transmembrane carrier system (TCS) fission by PEG^r- 
CeramUe (C14:0) and PEG^-DMPE 

TCS composed of l,2-dioleoyl-3-phosphatidylcthanolainine (DGPB), N.N- 

5 diolcoyl-N,N-<limcthylanimoniumchloride (DODAC), the fluon^oies N-(7-nitro-2-l,3- 
bcnzoxadiazoM-yl)-I,2HUoicoyl-sn-phosphatidylethanoiafnine (NBD-PE) and N- 
(lissamine ihodaininc B sulfonyl)-i,2-dioleoyl-sni)hosphatidylethajxilamine (Rh-P£), and 
either PEGurCeramide (C14:0) or PEGsaio'DMPE were piqnred by extrusion through 
100 nm diameter polycartxmate filters (Hope, MJ., et a/., P.R. Biochim, Biopf^s, Acta, 

10 812, 55-6S (198S)). TCS contained 0.5 niol% NBD-FE and 0.5 mtA% Rh*P£ and cither 
DOPErDODACrPEGanrDMPE (80:1S:5 mol%) or DOF£:DODAC:FEGnoirCefamide 
(C14:0) (80:15:5 mol%). Fluoiescently labelled liposomes were incubated at yj^'C in 20 
niM HEPES, 150 mM NaCl, pH 7.4 (HBS) with a three-fold excess of liposomes 
composed of DOP£:POPS (85:15 mol%). POPC liposomes were added at 10-fold the 

15 concentration of the fluorescently labelled liposomes and lipid rnbdng was assayed by the 
method of Struck, D.K., et al, (Biochemistry 20, 4093-4099 (1981)). The excitation 
wavelength used was 465 nm and an emission fdter placed at 530 nm minimized intensity 
due to scattered light. Rates and extents of fusion were followed by monitoring die 
increase in NBD fluorescence intensity at a wavelength of 535 nm over time. Pereent 

20 maximum fiiuon was determined from the relationship Fusion (% inax)(t)»(F(t)-FJ/(F.- 
F,), where is the initial NBD fluorescence intensity at dme zero. F(t) is the intensity 
at time t and F. is the maximum achievable fluorescence intensity under conditions of 
complete lipid mixing of fluorescendy labelled and DOPCiPOPS liposomes (Bailey, 
A.L., et al,, P.R. Biochemistry 33. 12573-12580 (1994)). Figure 25 illustrates 

25 considerable mixing of DOPE/DODAC/PEGiooo-Ceramide (C14:0) with DOPC:POPS 
compared to that of DOPE/DODAC/PEG^on-DMPB with DOPC:POPS» suggesting that 
the PEGjooo-DMPE is only minimally removed from the TCS. This result is attributed to 
the electrostatic interacdon between the anionic PEGxa^-DMPE and cationic DODAC 
which effectively decreases die monomer concentration of the P£G)ooo-DMPE in ai|ueous 

30 solution. 
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N. In vivo tt ahUnati on o/liposomts containing cationic l^it using 
amphvhatie Mayer stabHixing ceaponeats 

The ability of a series of biiayer stabilizing components {e.g., PEG-modified 
lipids) to stabilize fusogenic liposomes containing a cationic lipid in vivo were examined 
in this study. A fieeze-firacturc elecODn micrasoope analysis of liposomes composed of 
dioleoylphospfaatidylethanolamine (DOPE) and N^slioleoyl-N.fMimethylammonium 
chloride (DODAC) showed that inclusion of a biiayer stalnlizing component, e.g. , PBG- 
DSPE and PEG-Cenunide. effectively prevented liposome aggregatioa in the ptesLioe of 
mouse serum. Biodistribution of fusogenic liposomes composed of DOPE and DODAC 
additionally containing a biiayer stabilizing component (i.e. , an amphiphatic 
polyethyleneglycol (PEG) derivative), were then examined in mice using *H-labeUed 
cholesterylhexadecylether as a lipid marker. Biiayer stabilizing componenu included 
PEG-DSPE and various PEG-Ccnunide (PEG-Cer) with diffeient acyl chain length 
ranging from C8 to C24. DOPE«30DAC liposomes (85:15. mol/mol) were shown to be 
cleared rapidly from the blood and accumulate eanduavdy in the liver. Inclusion of a 
biiayer stabilizing component at S.O mal% of the Upid mixture resuUad in increased 
Bposome levels remaining in the blood and concomitantly decreased accumulation in the 
Uver. Among the various biiayer stabilizing components, PEG-DSPE shows the highest 
activity in prolonging the circulation time of DOPEmODAC Uposomes. The activity of 
PEG-Cenunide is directiy proportional to tite acyl chain lengtfi: the longer the acyl chain, 
the higher the activity. The activity of PEG-Ceramide (C20) exhibiting the optimal acyl ' 
chain length dq>ends on its concentration of the UjMd mature, witii the maximal 
circulation time obtained at 30 mol« of die lipid mixture. While inclusion of biiayer 
stabilizing components in the Upid composition generally results in increased circulation 
time of DOPE«)ODAC liposomes, the presence of a cationic lipid. DODAC. qtpeared 
to promote thdr rqiid clearance from the blood. 

The preparations and uses of DODAC liposomes are disclosed in U.S. 
Patent Application Number 08/316,399. filed September 30, 1994, the teachings of 
which are incorporated herein by reference. 



10 
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1. Materials and Methods 

a. Liposome Preparation 

SmaU unilamellar liposomes composed of DOPE and DODAC and bilayer 
stabilizing components at various ratios were prepared by the extrusion method. BrieOy, 
the solvcnl-fiiec lipid mixture containing *H.labeUed CHE, as a nonexchangeable and 
noninetatolizable lipid niaiker, was hydrated with distilU NbrmaUy, 
the liposome suspension (5 mg Upid per ml) was extruded, at room temperature, 10 times 
through stacked Nuclqwre membranes (0.1 fim pore size) using an extrusion device 
obtained from Upcx Biomcmbrancs, Inc. to generate liposomes with homogeneous size 
distributions. Liposome size was determined by quasi-elastic light scattering using a 
particle sizer and expressed as average diameter with standard deviation (SD). 



b. Liposome B&odistribution Study 

'H-labelled Uposoraes with various lipid compositions were injected Lv. 

15 into female CD-I mice (HO weeks old) at a dose of 1.0 mg lipid per mouse in 0.2 ml 
of distilled water. At spedfkd time intervals, mice were killed by overexposure to 
carijon dioxide, and blood was collected via cardiac puncture in 1.5-ml microcentrifuge 
tubes and centrifuged (12000 ipra, 2 min, 4**C) to pellet blood cells. Major organs, 
including the spleen, Uver. lung, heart, and kidney, were collected, weighed, and 

20 hcNiiogenized in distilled water. Fractions of the plasma and tissue homogcnatcs were 

transferred to glass scintillation vials, solubilized with Solvable (NEN) at SO^C according 
to the manufecturcr's instructions, decolored with hydrogen peroxide, and analyzed for 

radioactivity in scintillation fluid in a Beckman counter. Data were expressed as 
percentages of Uie total injected dose of 'H-labdled liposomes in each organ. Levels of 

25 liposomes in the plasma were determined by assuming that the plasma volume of a 
mouse is 5.0% of the total body weight. 



2. Results and Discussion 

a. Frceze-Fracturc Electron Microscopic Studies 
Liposomes composed of DOPE/DODAC (85:15, mol/mol), 
DOPE/DODAC/PEG-Ceramide (C20) (80:15:5, mol/mol), and DOPE/DODAC/PEG- 
DSPE (80:15:5, mol/md) were prepared by the extrusion mefliod and had similar 
average diameters (100 nm). Frecze-fracture electron micrographs of the tiiree liposomal 
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fomulations showed unilamelUr liposomes with relatively narrow sixe ranges 
However, preincubadon of DOPEADODAC Uposomes in 50% mouse scnim ai 37»C for 
30 minutes resulted in their massive aggregations. On the other hand both 
DOPE^DODACVPEG-Cexamide (C20) and DOPEmODACAPEG-DSP^ liposome, did not 

Show any aggregation when these Uposomes wen. predated with mouse seium Tbm 
Ihese ,e«Uts show the effcc»ive„e« of the bilayer stabilizin, components in preventing' 
serum-induced rapid aggr^ons of DOFEmODAC liposomes. 

^' r"" *f °OP^DAC Uposomes Containing Bilayer 

Stabilmng Components, U.. AmpUphatic PEG Deiivaam 

DOPE/DODAC liposomes with or without bilayer stabilizing components 
were prepared to include »H.labelled cholesterolhexadecylether as a lipid marker and 
their biodistribution wa, examined in mice at 1 hour after injection. Liposomes ',e«ed in 
this «t«dy were composed of DOPE/DODAC (85:15. mol/mol). DOPE^DODAOPEG- 
C«a«ide (80:15:5. mol/mol), ami DOPE/DODAC/PEG-DSPE (80:15:5. mol/mol) To 
also «amine the effect of the hydrophobic anchor on biodistribudon of liposomes, 
various PEG-Cetamide derivatives with different acyl dMinle,«,h.w^ TT«e 
liposomal formulation, had similar aventge diameters, nmging Ikom 89 to 103 nm 
Table I below shows leveU of liposomes in the blood. sUttcn. Hver. lung, heart una 
lodacy, together with respective blood/Uver ratios. DOPE/DODAC liposomes ^ 
Shown to be cleared rapidly from the blood and accumulate predominantly in the liver 
with the blood/liveriatio of approximaidy 0.01. Induaon of bilayer stabilizing 
component, at 5.0 molft in the Upid composition resulted in tf«ir increased blood levels 
and accordingly decreased liver accumnlatioa to different degrees. 
1XIPE«>0DAC«.EG-DSPE liposomes showed the highest blood ievel (about 59%) ^ 

the lowest Hver accumulation (abort 35«) with the blood/liver ratio of approximately I 7 
at 1 hour after injection. Among various PEG-Ceramlde derivatives with different acyl 
Cham lengths. PEG-Ceramide (C20)<ontaining lipo«m«s showed d« highest blood levd 
(about 30%) with the blood/liver K.tio of approximately 0.58. while PEG-Ceramide (C8)- 
containing Uposomes showed a lower blood level (about 6%) with the blood/Uver ratio of 
W«i«iately0.1. It appeared that, among different PEG-Ccnmude derivatives the 
activity in increaring the blood levd of Uposomes is directly proportional to the «:yl 
chain length of cenunide; the longer the acyl chain leng*. the greater the activity it 
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also appeared that the opttmal derivative for increasing the blood levd of liposomes is 
PEG-Ceiamide (C20). 



c. Optimization of DOPE/DODAC liposomes for Prolonged 
S Circulation Times 

The effect of increasing concentrations of PEG-Cecamide (C20) in the lipid 
composition on biodistribution of DOPE/DODAC liposomes was examined. PEG- 
Cexamide (C20) was included in DOPE/DODAC liposomes at increasing concentrations 

10 (0-30 m61%) in die lipid composition, while the concentration of DODAC was kept at IS 
mol% of the lipid mixture. Liposomes were prepared by the extrusion method and had 
similar average diameters ranging from 102 nm to 114 nm. Liposomes were injected 
i.v. into mice, and biodistribution was examined at 1 hour after injections. Figure 26 
shows the liposome level in the blood and liver at 1 hour after injections as a functioo of 

IS the PEG-Cetamide (€20) concentration. Clearly, increasing the concentration of PEG- 
Ceramide in the Iqud composition resulted in progressive increase in liposome levels in 
the blood, accompanied by decreased accumulation in the liver. The highest Uood levd 
(about 84% at 1 hour after injection) was obtained for DOPE/DODAC/PEG-Ceramide 
(C20) (SS:1S:30, mol/mol) showing the blood/liver ratio of about 6.5. 

20 The effect of increasing concentrations of DODAC on the biodistribution 

of DOPE/DODAC liposomes also was examined. DOPE/DODAC liposomes containing 
either 10 mol% or 30 mol% PE&Ceramide (C20) and various concentrations (IS, 30, SO 
mol%) were prepared by die extrusion method and had similar average diameters ranging 
from 103 to 114 nm. Biodistribution was examined at 1 hour after injections, and 

25 expressed as percentages of liposomes in the blood as a function of the DODAC 

concentration (Figure 27). As shown in Figure 27, increasing DODAC concentrations in 
the lipid compo^tion resulted in decreased levels in the blood for both IqKisomal 
formulations. Thus, the presence of a cationic lipid, DODAC, in the lipid composition 
results in rapid clearance from the blood. Also, shown in Figure 27 is that such a 

30 DODAC effect can be counteracted by increasing the concentration of PEG-Ceramide 
(C20) in the lipid composition. 

Figure 28 shows time-dq)endent clearances of DOPE/DODAC liposomes 
with or vrithout PEG-Ceramide from the blood. Only a small fraction of injected 
DOPE/DODAC liposomes remained in the blood, while increasing the concentration of 
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PEG-Ceramide (C20) in the Upid composition resulted in prolonged circulation times in 
the blood. Estimated half-lives in the ot-phase for DOPE/DODAC/PEG-Ceianiide (C20) 
(75:15:10. mol/mol) and DOPEmODAaPEG-Ccramide (00) (55:15:30, moiymol) 
were < 1 hour and 5 hours, respectively. 

3. ConclufioTijt 

The above studies indicate that there are several levels at which 
biodistribuaon of fusogcnic liposomes containing a cationic lipid can be controlled by 
inclusion of bilayer stabilizing components. Data in Table I shows that the hydrophobic 
anchor of the bilayer stabilizing components has an impMant role in determining 
biodistribution of DOPE/DODAC liposomes. Studies using various PEG-Ceiamide 
dcrivaUves with different acyl chain lengths showed that the longer the acyl chain lengtii 
of PEG-Ceramide, the greater the activity in prolonging the circulation time of 
DOPE/DODAC Hposomes. These results are consistent with the rate at which the 
bilayer stabilizing components dissociate from the liposome membrane being directly 
proportional to the size of the hydrophobic anchor. Accordingly, PEG-Cenunide 
derivatives with a longer acyl chain can have stronger interactions with other acyl chains 
in the liposome membrane and exhibit a reduced late of dissociation from the Uposome 
membrane, resulting in stabUizaiion of DOPE/DODAC liposomes for a prolonged period 
of time and thus their prolonged circulation time in the blood. 

In addition to the hydrophobic anchor of the bilayer stabilizing 
components, the concentration of the bilayer stabilizing components in the lipid 
membrane can also be used to control in vivo behavior of DOPE/DODAC liposomes. 
Data in Figure 26 show tha increasing the concentration of PEG-Ceramide (C20) in the 
lipid composidon resulted in increased liposome levels in the blood. The optimal 
concentration of PEG-Ceramide (C20) in the lipid composition was found to be 30 mol% 
of the lipid mixture. It appeared that the circulation time of DOPE/DODAC/PEG- 
Ceramide (C20) Uposomes is determined by the reladve concentrations of two lipid 
compositions. DODAC and PEG-Ceramide, exhibiting opposite effects on liposome 
biodistribution. While bilayer stabilizing components exhibit Uie ability to prolong the 
circulation time of Uposomes in the blood, a cationic lipid, DODAC, exhibits the ability 
to facilitate Uposome clearance from the blood. Thus, for die maximal circulation time 
in the blood, an appropriate concentration of a bilayer stabilizing component and a 
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mimmal concentration of DODAC should be I, should be noted, however «»t an 
optmial hposome fomiulation for the prolonged circulation time in the blood is not 
necessarily the one suitable for an intended appUcadon in delivay of certain therapeutic 
agents. Both phannaooldnetic and phamacodynanuc aspecu of fusogenic liposomes 
should be examined for different applications using different therapeutic agents 
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The foregoing is offered for purposes of illustration. It will be readily 
apparent to those skilled in the art that the operating conditions, materials, procedural 
steps and other parameters of the methods and test devices described herein may be 
further modified or substituted in ways without dq)arting from the spiiit and scope of the 
invention. 
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1. A fiisogenic liposome comprising: 

a lipid capable of adopting a non-lamellar phase, yet c^Kible of assuming a 
bilayer stnictuie in the presence of a bilayer stabilizing component; 
and 

5 a bilayer stabilizing oonqxment reversibly ]^ ^ 

stabilize said lipid in a bilayer structure. 

2. The fusogenic liposome in accordance with claim 1 wherein said 
lipid is a phosphatidylethanolamine. 

3. The fusogenic liposome in accordance with claim 2 wherein said 
lipid is an unsaturated phosphatidylethanolamine. 

4. The fusogenic liposome in accordance with daim 1 wherein said 
lipid b a mixture of a phosphatidylethanolamine and a phosphatidylserine. 

5. The fusogenic liposome in accordance with claim 1 wherein said 
lipid is a mixture of a phosphatidylethanolamine and a cationtc lipid. 

6. The fusogenic liposome in accordance with claim 5 wherein said 
cationic lipid is a member selected from the group consisting of 3i3-(N-(N',N*- 
dimethylaininoethane)carbamoyl)cholestcrol. N,N-disteaiyl-N,N-dimethylammonium 
bromide, N-(l,2-dimyristyloxyprop-3-yl)-N,N-dimethyl-N-hydroxyethyl ammonium 

5 bromide, diheptadecylamidoglycyl spermidine, N-(l-(2,3-dioleyloxy)propyl)-N-(2- 
(sperminecaiboxamido)ethyl)-N,N-dimethylammonium trifluoroaoetate, N-(l-(2,3- 
dioleoyloxy)pnipyI>N,N,N-trimethylammonium chloride, N-(l-(2,3-dio!eyloxy)propyl)- 
N,N,N-trimethylammonium chloride and N»A^dioleyl-//,M4imethylammoniuro chloride. 

7. Hie fusogenic liposome in accordance with claim 1 further 
comprising diolesterol. 
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8. The fusogenic liposome in accordance with claim 1 wherein said 
bilayer stabUizing component is a member selected from the group consisting of lipids, 
lipid derivatives, detergents, proteins and peptides. 

9. the fusogenic liposome in accordance with claim 1 wherein said 
bilayer stabilizing component is polyethyleneglycol coupled to a 
phoipbatidylethanolaniine. 



10. The fusogenicliposomc in accordance wiAcUnm 9 wherein said 
polyethyleneglycd has a mdecular weight ranging bom about 200 to 10,000. 

H. The fusogenic liposome in accordance with claim 9 wheitin said 
polyethyleneglycol has a molecular weight ranging from about 1,000 to 8,000. 

12. The fiisogenk: liposome in aecordaace with claim 9 wherein said 
pdyeAjleneglycd has a mdeeular weight lan^g finmi about 2,000 to 6,000. 

13. The fusogenic liposome in accordance with claim 9 wherein said 
phosphatidylcthanolamine is a member selected from the group consisting of 
dimyristoylphosphatidylcthanolaminc, dlpalmitoylphosphatidylcthanolamine, 
(fioleoylphosphatidyiethanolamine and distearoylpho^tidylethanolamine. 

14. The liisogenic liposome In accordance with claim 1 wherein said 
bilayer stabilizing component is polyethyleneglycol coupled to a ceiamide. 

15. TTie fusogenic liposome in acooidance with daim 1 wheieia said 
bilayer stabilizing conqionent is present at a concentration ranging fe>m about 0.05 mde 
percent to about SO mole 

16. The fusogenic liposome in accordance with claim 15 wheiein said 
bilayer stabilizing component is present at a concentration ranging from about 0.05 mole 
percent to about 30 mole percent. 
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17. The fiisogcnic liposome in accordance with claim 15 wherein said 
bilayer stabilizing component is present at a concentration ranging ftom about 1 mde 
percent to about 20 mole percent. 

18. The fiisogenic liposome in accordance with claim 7 wherein said 
cholesterol is present at a concentration ranging from about 0.02 mole perecnt to about 
50 mole percent. 

19. The fusogenic liposome in accordance with daim 1 wherein the 
rate at which said liposome becomes fusogenic can be varied over a timescalc ranging 
from minutes to days. 

20. The fusogenic liposome in accordance with claim 1 wherein the 
rate at which said liposome becomes fusogenic can be controlled. 

21. The fusogenic liposome in accordance with claim 20 wherein die 
rate at which said tiposome becomes fusogenic is controlled by controlling the 
composition of said bilayer stabilizing component in said fusogenic liposome. 

22. The fusogenic liposome in accordance with daim 20 wherdn the 
rate at which said liposome becomes fusogenic is controlled by controlUng the 
concentration of said bilayer stabilizing component in said fusogenic liposome. 

23. A method for ddivering a therapeutic compound to a target cell at 
a predetennined rate, comprising: 

administering to a host containing said target cdl a fusogenic liposome 
which comprises a bilayer stabilizing component, a lipid capable of adopting a non- 
lamellar phase, yet capable of assuming a bilayer structure in the presence of said bilayer 
stabilizing con^onent, and said therapeutic compound or a pharmaceutically a :ptable 
salt thereof. 
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24. The method in accordance with claim 23 wherein said biUyer 
stabilizing component is a member selected from the group consisting of lipids, lipid 
derivatives, detergents, proteins and peptides. 

25. The method in accordance with claim 23 wherein said bilayer 
stabilizing component is pcriyethylencglycol coupled to a phosphatidylethanolamine. 

26. The method in accordance with claim 23 wherein said bilayer 
stabilizing component is polyethyleneglycol coupled to a ceramide. 

27. The method in accozdance with claim 23 wherein said lii^d is a 
phosphaddylethanolamine. 

28. The mcdiod in acojrdancc with claim 23 whefdn said lipid is a 
mixtore of an phosphatidylethanolamine and a pho^tidylserine. 

29. The method in accordance with daim 23 v^erdn said lipid is a 
mixture of a phosphatidylethanolamine and a cationic lipid. 

30. The method in accordance with claim 23 wherein said lusogenic 
liposome further comprises cholesterol. 

3L The method in accordance with claim 23 wherein said fiisogenic 
liposome is administered intravenously. 

32. The method in accordance with claim 23 wherein said fiisogenic 
liposome is administered parenieially. 

33. The method in accordance with daim 23 wherein said fusQgenic 
liposome administered to said host is unilamellar. 



34. The method in accordance with claim 33 wherein said unilamellar 
fiisogenic Uposome has a mean diameter of 0.05 microns to 0.45 microns. 
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35. The method in accordance with claim 34 wherein said imilamellar 
fusogenic liposome has a mean diameter of 0.05 microns to 0.2 micions. 

36. A method of stabilizing in a bilayer stnicture a lipid yiAdth is 
capable of adopting a non-lamellar phase, said method comprising: combining a bUayer 
stabiJfaing component with a lipid which is capable of adopting a non-lamellar phase, yet 
which b capable of assimiing a bilayer structure in the presence of said bilayer siabUizing 
component, said bilayer stabilizing component being selected to be exchangeable or 
biodegradable such thai over a predetermined period of time, said bUayer stabiliiing 
component is lost from said bilayer structure or modified, thereby rendering said bilayer 
structure fusogenic. 



37. The method in accordance with daim 36 wherein said bilayer 
stabiliang component is a member selected from the group consisting of lipids, lipid 
derivatives, detergents, proteins and peptides. 

38. The method in accordance with daim 36 wherein said bihyer 
stabilizing component is polyethyleneglycol coupled to a phoqtotidylethanolamine. 

39. The method in accordance with claim 36 wherein said bUayer 
stabilizer is polyethyleneglycol couitol to a oeramide. 

40. The method in accordance with claim 36 wherein said lipid is a 
phosphatidylethanolamine. 



41. The method in accordance with daim 36 wherein said lipid is a 
mixture of a phosphatidylethanolamine and a pho^hatidylserine. 

42. The method in accordance with daim 36 wherein said lipid is a 
mxtan of a phosphatidylethanolamine and a cationic lii»d. 

43. The method in accordance with daim 36 further comprising 

cholesteral. 
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